JHU/APL 
TG  1332 
(QM-80-178) 
JULY  1981 


GO 

(M 

O 

c:j 

<ac 


Tec  hi  tea  I  Memorandum 


THE  APL  SATELLITE 
REFRIGERATOR  PROGRAM 


FINAL  REPORT 


C.  S.  LEFFEL,  JR,  AND  R.  VONBRIESEN 


THE  JOHNS  HOPKINS  UNIVERSITY  ■  APPLIED  PHYSICS  LABORATORY 


Approved  for  public  releaw;  distribution  unlimited. 


A  Q  1 


J///: 


_ Unclassified  j 

SECURITY  CLASSIFICATION  OF  THIS  f^GE 


PLEASE  FOLD  BACK  IF  NOT  NEEDED 
FOR  BIBLIOGRAPHIC  PURPOSES 


L  SATELLITE  REFRIGERATOR  PROGRAM^ 

bAAPT  ^  ^ 


7.  AUTHQRUI. 


5.  TYPE  OF  REPORT  A  PERIOD  COVERED 


Technical  Memorandum 


6.  PERFORMING  ORG.  REPORT  number 

JHU/APL  TG  1332 


8  CONTRACT  OR  GRANT  NUMBERIl) 


C.  S./Leffel,  Jr./aad  R.Aon  Briesen  j 


''7  A 


9.  PERFORMING  ORGANIZATION  NAME  &  ADDRESS 


The  Johns  Hopkins  University  Applied  Physics  Lsboratory 
Johns  Hopkins  Road 
Laurel,  MD  20810 


11.  CONTROLLING  OFFICE  NAME  &  ADDRESS 

Naval  Plant  Representative  Office 
Johns  Hopkins  Road 
Laurel,  MD  20810 

14.  MONITORING  AGENCY  NAME  a  ADDRESS 

Naval  Plant  Representative  Office 
Johns  Hopkins  Road 
Laurel,  MD  20810 


■'Order  2037 

Contract  No.  N1772C-4401 


10.  PROGRAM  ELEMENT,  PROJECT,  TASK 
AREA  &  WORK  UNIT  NUMBERS 


7^'/ 


Q4S0/CQ0 


12.  REPORT  DATE 


Jul^  3<981  / _ 

n^uM^En  UPTages 
256 

15.  SECURITYCLASS. 

UNCLASSIFIED 


15a.  DECLASSIFICATION/DOWNGRADING 
SCHEDULE 


16,  DISTRIBUTION  STATEMENT  {of  this  fi«port) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  {of  the  ^bstrsct  in  Block  20.  if  different  from  Report) 


18.  SUPPLEMENTARY  NOTES 


19.  Kfc  y  WORDS  {Continue  on  reverse  side  if  necessary  and  identify  by  block  number) 

cryogenics  satellite 

gamma  ray  spectroscopy  Stirling  cycle 

\  mechanical  refrigerators 

ABSTRACl^^^r/nve  on  reverse  side  if  necessary  and  identify  by  block  number! 

Four-AEI/  satellite  r^rlgerators  were  built  and  Installed  on  a  satellite  to  cool  gamma  ray  spec¬ 
trometers.  ^The  spectrometers  were  constructed  by  Lockheed  Palo  Alto  Laboratories.  ^The  P-78-1 
satellite,  launched  on  February  24,  1979,  was  the  first  satellite  to  carry  gamma  ray  detectors 
that  were  cooled  by  mechanical  refrigerators.  Still  operating  successfully  after  over  18  months 
In  orbit,  this  Is  the  first  satellite  experiment  of  any  kind  on  which  mechanical  refrigerators 
have  been  operated  for  longer  than  a  few  weeks.  This  report  describes  the  selection  and  specifi¬ 
cations  of  the  refrigerators  as  determined  by  APL  and  Lockheed,  the  design  and  construction  of  the 
refrigerators  by  Philips  Laboratories,  the  design  and  construction  of  the  motor  drive  and  Instru¬ 
mentation  electronics  by  APL,  the  APL  qualification  and  acceptance  test  programs,  and  the  APL 
laboratory  life  test  program.  The  orbital  performance  of  the  refrigerators  Is  discussed. 

)N 


FORM 
1  JAN  73 


1473 


ipeJ  '7 


Unclassified 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


JHU/APL 
TG  1332 
(QM-80-178) 
JULY  1981 


THE  APL  SATELLITE 
REFRIGERATOR  PROGRAM 

FINAL  REPORT 

C.  S.  LEFFEL,  JR,  AND  R.  VONBRIESEN 


THE  JOHNS  HOPKINS  UNIVERSITY  ■  APPLIED  PHYSICS  LABORATORY 
Johns  Hopkins  Road,  Laurel,  Maryland  20810 

Operatinq  uniter  Contr«ci  N000?4  81  C  5301  wnh  Oepatimef*!  of  the  Navy 


Approved  for  public  release;  distribution  unlimited. 


THE  X)HNS  HOPKINS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

lAUREI..  MARYLAND 


ABSTRACT 


Four  APL  satellite  refrigerators  were  built  and  installed 
on  a  satellite  to  cool  gamma  ray  spectrometers.  The  spectrometers 
were  constructed  by  Lockheed  Palo  Alto  Laboratories.  The  P-78-1 
satellite,  launched  on  February  24,  1979,  was  the  first  satellite 
to  carry  gamma  ray  detectors  that  were  cooled  by  mechanical  re¬ 
frigerators.  Still  operating  successfully  after  over  18  months 
in  orbit,  this  is  the  first  satellite  experiment  of  any  kind  on 
which  mechanical  refrigerators  have  been  operated  for  longer  than 
a  few  weeks.  This  report  describes  the  selection  and  specifica¬ 
tions  of  the  refrigerators  as  determined  by  APL  and  Lockheed,  the 
design  and  construction  of  the  refrigerators  by  Philips  Labora¬ 
tories,  the  design  and  construction  of  the  motor  drive  and  instru¬ 
mentation  electronics  by  APL,  the  APL  qualification  and  acceptance 
test  programs,  and  the  APL  laboratory  life  test  program.  The 
orbital  performance  of  the  refrigerators  is  discussed. 
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1 .  INTRODUCTION 


Cryogenic  cooling  of  radiation  detectors  used  in  orbital 
missions  is  often  desirable  and  sometimes  necessary  to  achieve 
the  performance  required  for  the  mission.  The  advantages  and 
limitations  of  the  types  of  sensor  cooling  that  have  been  tried  in 
space  are  discussed  in  Ref.  1.  The  requirements  for  the  cooling 
system  depend  upon  the  sensor  used  and  the  objectives  of  the  mis¬ 
sion. 

High  resolution  gamma  ray  spectroscopy  requires  the  use  of 
solid  state  germanium  detectors  that  are  usually  cooled  to  liquid 
nitrogen  temperatures  (77K)  in  the  laboratory.  This  convenient 
laboratoiy  temperature  is  not  required  for  the  detector;  cooling 
to  130  to  140k  suffices  for  detector  performances.  The  first 
attempt  to  obtain  high  resolution  spectra  in  space  was  made  in 
October  1972  on  a  satellite  experiment  fielded  by  the  Lockheed 
Palo  Alto  Research  Laboratory  (LPARL).  This  experiment  used  a 
lithium-drifted  germanium  detector  cooled  by  a  solid  carbon  diox¬ 
ide  cryogen  and  maintained  a  detector  temperature  of  about  128K 
for  eight  months.  However,  because  of  problems  not  associated  with 
the  cooling  system,  high  resolution  data  were  collected  for  only  a 
few  weeks  (Ref.  2). 

A  solid  cryogen  cooler,  vented  to  space  vacuum,  maintains  a 
constant  temperature  throughout  its  useful  life  even  though  the 
heat  load  may  vary  over  a  considerable  range.  For  drifted  germa¬ 
nium  gamma  ray  detectors  this  is  a  desirable  feature  since  the 
detectors  are  destroyed  if  warmed  above  a  specified  temperature 
(typically  about  140K) .  However,  the  development  of  the  intrinsic 
germanium  gamma  ray  detector  significantly  changes  the  cooling 
requirements.  For  maximum  resolution,  this  detector  must  be  oper¬ 
ated  below  a  temperature  of  140K,  but  can  be  warmed  to  ambient 
temperature  without  destruction.  This  feature  permits  greater 
flexibility  in  the  use  of  the  detector  in  space;  it  need  only  be 
cooled  when  data  collection  is  desired  and  it  may  be  warmed  to  the 
satellite  ambient  temperature  to  free  contaminants  that  have  fro¬ 
zen  on  the  detector  surface. 

Mechanical  refrigerators,  which  can  be  turned  on  and  off 
by  ground  command  and  which,  with  respect  to  weight  and  launch 
survivability,  are  competitive  with  solid  cryogen  systems,  appeared 
to  offer  some  advantages  for  cooling  intrinsic  germanium  detectors 
in  orbital  flight.  The  Applied  Physics  Laboratory  (APL) ,  under 
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the  auspices  of  the  Defense  Advanced  Research  Projects  Agency 
(DARPA) ,  began  the  development  and  construction  of  satellite 
cryogenic  refrigerators  in  1973.  The  refrigerators  were  to  be 
used  on  a  high  resolution  gamma  ray  spectrometer  designed  and  con¬ 
structed  by  LPARL.  In  1973,  APL  contracted  with  Philips  Labora¬ 
tories  in  Briacliff  Manor,  N.Y.,  for  the  design  and  construction  of 
six  Stirling  cycle  mechanical  refrigerators  for  satellite  applica¬ 
tions.  Philips  delivered  the  first  refrigerator  in  1975  and  after 
modifications  dictated  by  APL  performance  and  environmental  test¬ 
ing,  subsequently  delivered  five  flight  model  refrigerators.  The 
LPARL  gamma  ray  experiment,  which  consisted  of  two  intrinsic  ger¬ 
manium  detectors  cooled  by  four  refrigerators,  was  launched  on 
24  February  1979.  After  over  18  months  in  orbit,  the  refrigerators 
were  adequately  cooling  the  detectors.  This  experiment  is  the 
first  application  of  the  cooling  of  gamma  ray  detectors  by  mechan¬ 
ical  refrigerators  and  the  first  satellite  experiment  of  any  kind 
on  which  mechanical  refrigerators  have  successfully  operated  for 
more  than  a  few  hundred  hours. 
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2.  DESIGN  OF  THE  REFRIGERATOR  AND  REFRIGERATOR 
ELECTRONIC  CIRCUIT 


At  the  beginning  of  this  program,  the  choices  for  mechani¬ 
cal  refrigeration  were  the  Vuilleumier  (VM)  cycle  and  Stirling 
cycle.  The  VM  cycle  used  both  heat  and  mechanical  energy  as  inputs 
to  perform  the  work  of  refrigeration  and  is  attractive  if  a  non¬ 
electrical  source  of  heat  is  available.  However,  if  electrical 
energy  must  be  converted  to  heat,  the  state-of-the-art  VM  cycle  in 
1973  did  not  appear  as  promising  as  did  the  all-mechanical  (that 
is,  electrically  powered)  Stirling  cycle.  Requests  for  bids  for 
the  development  and  manufacture  of  a  satellite  refrigerator  re¬ 
sulted  in  a  subcontract  by  APL  to  Philips  Laboratories  in  1973. 
Philips  Laboratories  had  long  been  the  acknowledged  leader  in  the 
development  of  the  Stirling  cycle  machines  (both  as  heat  engines 
and  as  refrigerators)  and  was  the  only  respondent  with  the  engi¬ 
neering  and  manufacturing  resource  that  promised  successful  com¬ 
pletion  of  the  project. 

The  original  specifications  for  the  refrigerators,  as  set 
by  APL  in  consultation  with  LPARL,  are  listed  in  Table  1.  Through¬ 
out  the  design,  manufacture,  and  testing  of  the  refrigerators, 
some  modifications  of  these  specifications  were  necessary.  The 
flight  models,  delivered  to  APL  over  the  period  from  December  1975 
to  December  1976,  met  the  specifications  as  listed  in  the  second 
column  of  Table  1. 

The  evolution  of  the  refrigerator  design  by  Philips  Labora¬ 
tories  is  given  in  Appendix  I  of  this  report.  Appendixes  A  and 
B  to  Appendix  I  give  the  basic  theory  of  the  Stirling  cycle  re¬ 
frigerator  and  the  advantages  of  the  two-state  construction.  Sec¬ 
tion  1  of  Appendix  I  describes  the  mechanical  testing  program  that 
resulted  in  the  final  mechanical  design  of  the  refrigerator. 

The  final  design  that  Philips  Laboratories  adopted  was  a 
two-stage  Stirling  cycle  using  a  helium  charge  of  about  70  psia. 
Figure  1  shows  the  flight  model  refrigerator  as  it  was  delivered 
to  LPARL,  a  design  of  the  refrigerator  and  its  associated  elec¬ 
tronics  that  was  not  its  final  form  until  January  1976.  In  the 
LPARL  experiment,  the  refrigerators  were  supported  by  the  heat 
exchange  flange,  which  is  screwed  to  a  heavy  aluminum  plate  that 
acts  as  the  heat  sink.  The  first  stage  flange  is  connected  to  a 
heat  shield  that  surrounds  the  detector  and  its  thermal  link  to  the 
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refrigerator,  and  the  second  stage  flange  is  connected  by  a  thermal 
link  to  the  intrinsic  germanium  detector.  The  flight  model  refrig¬ 
erator  (Fig.  1)  differed  from  the  engineering  model  (S/N  1)  refrig¬ 
erator  as  first  delivered  in  April  1975  in  that  the  first  and  sec¬ 
ond  stage  heat  exchange  flanges  had  been  reduced  in  diameter  and 
the  electronics  box  had  been  slightly  increased  in  size. 

As  explained  in  Appendix  I,  the  Philips  design  evolved  from 
their  experience  in  laboratory  model  Stirling  refrigerators  and  was 
directed  at  adapting  their  previous  experience  to  the  requirements 
of  orbital  flight.  Tests  were  conducted  to  assure  a  year's  life¬ 
time  for  the  piston  and  displacer  seals  and  for  the  lubricated 
bearings.  The  problem  of  eliminating  starting  torques  was  solved 
by  using  two  counterrotating  motors.  Appendix  C  of  Appendix  I 
describes  the  rhombic  drive  mechanism  that  Philips  perfected  to 
eliminate  vibration  on  the  refrigerator  first  and  second  stages. 

The  internal  mechanism  of  the  refrigerator  is  shown  in  Fig. 

2  of  Appendix  I.  This  figure  shows  the  crankcase  separated  from 
the  working  volume  of  the  refrigerator  (the  piston  and  displacers 
within  the  cold  finger)  by  a  pair  of  metal  bellows.  These  metal 
bellows  (electroplated  nickel)  were  chosen  because  the  rubber 
rolling  diaphram  seal  that  Philips  had  used  in  laboratory  models 
was  dissipative  and  leaky  and  It  imposed  a  large  starting  load  on 
the  refrigerator  motors.  These  bellows  were  designed  to  Isolate 
the  working  volume  of  the  refrigerator  (charged  with  helium)  from 
the  gas  charge  of  the  crankcase,  which  could  be  nitrogen.  This 
isolation  had  two  advantages:  (1)  it  would  prevent  impurities 
(which  were  an  inevitable  consequence  of  the  lubricants  and  wiring 
used  in  the  crankcase)  from  being  cold-trapped  in  the  refrigerator 
regenerators,  and  (2)  it  would  permit  the  crankcase  to  be  charged 
with  a  gas  such  as  nitrogen,  which  is  much  easier  to  contain  in 
the  crankcase  than  is  helium. 

Unfortunately,  it  became  evident  by  mid-1974  that  the  nickel 
bellows  would  present  a  serious  reliability  problem.  Preliminary 
designs  had  failed  in  the  Philips  life  test  and  after  an  extensive 
fatigue-failure  analysis  by  APL,  the  bellows  were  redesigned  and 
remanufactured.  Theoretically,  the  bellows  had  an  infinite  life, 
but  Philips  tests  in  the  spring  of  1975  again  revealed  cases  of 
Infant  mortality.  Because  of  the  time  constraints  existing  at  that 
time  in  the  program  (launch  was  scheduled  for  mid-1977),  it  was 
decided  to  manufacture  the  first  two  refrigerators  without  bellows, 
while  continuing  the  bellows  test  program  at  Philips.  Furthermore, 
APL  analysis  of  the  diffusion  rate  of  the  low  vapor  pressure  grease 
used  in  the  bearing  into  the  working  volume  indicated  that  it  might 
be  possible  to  achieve  a  year's  operation  without  significant  cold- 
trapping  of  grease  vapors  in  the  regenerators.  By  early  1976, 
Philips  had  demonstrated  a  one  year  lifetime  for  one  set  of 
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bellows,  but  infant  mortality  was  still  occurring  in  other  samples. 
As  a  consequence,  all  six  satellite  refrigerators  were  delivered  to 
APL  without  bellows  installed  (in  this  respect.  Fig.  2  of  Appendix 
I  is  in  error).  The  decision  to  eliminate  the  bellows  and  charge 
the  entire  refrigerator  with  helium  was  made  with  the  realization 
that  a  price  might  be  paid  in  performance,  but  a  failure  of  the 
bellows  produced  fragments  that  would  have  been  mechanically  dis¬ 
astrous  in  orbit. 

The  electronics  box  shown  in  Fig.  1  contained  the  motor 
drive  electronics  and  the  signal  processing  electronics  for  the 
instrumentation  installed  on  the  refrigerator.  Two  counterrotat¬ 
ing  motors,  locked  together  by  the  two  gears  of  the  rhombic  drive 
mechanism  (Fig.  13  of  Appendix  I  and  Fig.  1  of  Appendix  C  of  Appen¬ 
dix  I)  were  installed  in  each  refrigerator.  The  motor  design  is 
described  in  Appendix  II. 

The  motors  were  designed  for  high  efficiency  operation  from 
a  nominal  28  VDC  power  supply  and  were  constructed  with  permanent 
magnet  armatures.  Switching  of  the  field  coils  (described  in  Ap¬ 
pendix  II)  was  accomplished  by  sensing  the  position  of  the  arma¬ 
ture  by  Hall  effect  switches.  The  circuitry  to  start,  operate,  and 
provide  speed  regulation  for  the  drive  motors  was  designed  and 
constructed  by  APL  and  is  described  in  Appendix  II.  Besides  pro¬ 
viding  the  necessary  current  switching  to  properly  phase  the  motor 
field  coils  for  operation  at  the  desired  speed,  the  APL  circuitry 
also  provided  for  limiting  the  current  drawn  by  the  refrigerator 
to  about  3  A  starting  current  and  1.5  A  after  speed  regulation  be¬ 
comes  effective  (2  seconds  after  the  refrigerator  starts) .  The 
motor  drive  circuit  provided  three  speeds  (which  in  orbit  can  be 
selected  by  the  ground  control  station):  850  rpm,  1000  rpm,  and 
free-running.  In  the  free-running  speed  position,  the  motor  speed 
was  determined  by  the  voltage  applied  to  the  drive  circuit  and  by 
the  load  presented  by  the  refrigerator,  and  was  1100  to  1150  rpm 
under  the  usual  operating  conditions. 

Provision  was  made  to  measure  five  parameters  indicative  of 
refrigerator  performance  while  in  orbit.  These  were: 

1.  Second  stage  temperature,  measured  with  a  Lake  Shore 
Cryogenic  Model  DT-500FP-HRC-7  silicon  diode,  encapsu¬ 
lated  in  Epibond  123  epoxy  (a  custom  made  sensor  for 
this  application) . 

2.  Crankcase  pressure,  measured  with  a  Kulite  Semiconductor 
Products  model  VQM-1-250-100  pressure  transducer  (a 
custom  made  unit  with  a  stainless  steel  diaphram) . 
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3.  Plenum  pressure,  measured  with  a  four  arm  bridge  con¬ 
structed  of  Kulite  Model  DGP-1000-500  strain  guages 
and  cemented  to  the  helium  plenium  with  Epibond  123 
epoxy . 

4.  Motor  speed,  measured  by  integrating  the  output  of  a 
Hall  effect  switch  (described  in  Appendix  11). 

5.  Total  current,  measured  by  the  voltage  across  a  C,1  G 
resistor  (described  in  Appendix  II) . 

Signals  from  the  above  sensors  are  all  processed  in  the 
electronics  box  to  cover  the  range  of  0  to  5  V;  in  the  satellite, 
this  voltage  signal  is  telemetered  back  to  earth  by  means  of  an 
8  bit  telemetery  system.  As  shown  on  circuit  diagram  5114-2051  in 
Appendix  II,  additional  test  signals  are  available  at  J1  and  J2  for 
laboratory  test  purposes.  The  output  of  a  Hall  effect  switch  is 
available  at  pin  E  of  J2;  that  signal  provides  an  absolute  measure¬ 
ment  of  motor  rpm  when  fed  into  a  low  speed  counter. 

Some  flexibility  in  the  arrangement  of  the  return  ground 
circuits  is  provided  in  the  electronics  box.  In  practice,  it  was 
found  both  in  the  laboratory  and  on  the  satellite  that  minimum 
noise  was  achieved  by  returning  all  -28  V  return  lines  to  the  -28 
V  supply  bus.  Because  of  the  field  coil  switching  and  the  recip¬ 
rocating  load  of  the  Sterling  cycle  refrigerator,  current  noise 
is  inherently  large  for  these  machines.  The  input  filter  shown 
on  circuit  diagram  5114-2301  of  Appendix  II  was  chosen  as  being 
the  most  effective  that  could  be  mounted  in  the  space  available. 
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3.  APL  LABORATORY  TEST  PROGRAM 


GENERAL  PROCEDURES 

The  APL  laboratory  test  program  had  two  primary  objectives: 
(1)  to  conduct  performance  and  environmental  tests  to  qualify  the 
refrigerators  for  space  operation,  and  (2)  to  conduct  a  test  pro¬ 
gram  that  gave  a  reasonable  expectation  of  a  year's  operation  in 
orbit.  This  later  objective  was  particularly  important  because  in 
the  scientific  community,  mechanical  cryogenic  refrigerators  had  a 
dubious  reputation  for  reliability.  The  necessity  for  establish¬ 
ing  a  creditable  lifetime  as  early  as  possible,  while  at  the  same 
time  meeting  the  delivery  schedule  for  the  flight  model  refriger¬ 
ators,  determined  the  sequence  of  events  in  the  APL  laboratory 
test  program.  In  the  following  discussion,  the  test  program  is 
presented  in  historical  order. 

Prior  to  the  final  assembly  of  the  refrigerators  at  Philips 
Laboratories,  it  was  necessary  for  APL  to  test  and  calibrate  the 
crankcase  pressure  transducers  and  to  Install  and  calibrate  the 
strain  guage  pressure-measuring  bridge  on  the  helium  plenum  tank. 
The  Kulite  pressure  transducer  was  a  custom  unit  because  the  usual 
quartz  diaphram  (which  works  against  a  vacuum  reference  chamber) 
is  not  impervious  to  helium.  Therefore,  the  APL  transducers  were 
faced  with  a  thin  steel  diaphram.  The  units  were  tested  in  a 
pressure  chamber  filled  with  helium  over  the  pressure  range  of  0 
to  70  psia.  It  was  found  that  the  transducer  output  (typically 
60  mV  at  70  psia)  was  linear,  temperature  independent,  and  repro¬ 
ducible  to  better  than  0.5  psi.  However,  the  transducers  showed 
a  tendency  to  leak  helium  into  the  evacuated  reference  chamber, 
which  decreased  the  stress  on  the  diaphram  and  lowered  the  output 
reading.  As  a  consequence,  it  was  necessary  to  test  each  trans¬ 
ducer  by  leaving  it  in  the  high  pressure  helium  atmosphere  for  at 
least  a  month  and  observe  the  degradation  in  output  before  delivery 
to  Philips.  About  half  the  transducers  were  rejected  and  had  to 
be  remanufactured.  This  testing  program  was  carried  out  from  Jan¬ 
uary  1975  to  August  1977  and  no  transducer  that  showed  an  error  of 
more  than  0.5  psi  per  month  in  laboratory  test  was  installed  in  a 
flight  model  refrigerator.  Philips  Installed  the  transducers 
within  the  crankcase.  That  form  of  mounting  has  the  advantage  that 
only  wires  are  fed  into  the  crankcase  to  obtain  the  pressure  read¬ 
ing;  the  disadvantage  that  the  refrigerator  crankcase  must  be 
opened  to  replace  a  transducer. 
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Once  the  decision  to  omit  the  bellows  from  the  refrigerator 
was  made,  the  strain  guage  pressure-measuring  bridge  installed  on 
the  helium  plenum  tank,  was  redundant.  However,  it  was  decided  to 
retain  this  additional  pressure  indicator.  After  fabrication  at 
Philips,  the  tanks  were  delivered  to  APL,  where  the  strain  guages 
were  attached  to  the  tank  using  the  epoxy  cement  recommended  by  the 
manufacturer  (Kulite) .  The  maximum  strain  on  the  thin  portion  of 

the  tank  was  only  about  150  x  10  Therefore,  in  order  to  obtain 
an  output  from  a  four  armed  bridge  of  about  50  mV,  a  semiconductor 
strain  guage  was  used.  This  installation  proved  to  be  sensitive 
enough  and  reproducible,  but  was  temperature  independent  only  if 
no  temperature  gradient  existed  across  the  stainless  steel  plenum. 
Because  the  installation  and  curing  of  the  epoxy  cement  produced 
various  stains  on  the  strain  guage  elements,  it  was  necessary  to 
provide  for  trimming  the  four  arm  bridge  by  external  resistors  as 
shown  on  drawing  5114-2001  of  Appendix  II. 

The  engineering  model  refrigerator  S/N  1  was  delivered  to 
APL  on  30  April  1975.  The  unit  was  fitted  with  the  APL  electron¬ 
ics  box,  which  was  electrically  identical  with  that  described  in 
Appendix  II,  except  that  it  was  not  constructed  with  space-quali¬ 
fied  electronic  components  and  it  was  slightly  smaller  in  physical 
size.  As  supplied  by  Philips,  the  internal  wiring  of  the  refrig¬ 
erators  was  completed  to  crankcase  feedthroughs  1  and  2  shown  on 
drawing  5114-2001;  all  the  remaining  wiring,  including  the  instal¬ 
lation  of  the  second  stage  temperature  diode,  was  completed  at  APL. 

All  operating  and  testing  of  the  refrigerators  at  APL  was 
done  using  the  APL  refrigerator  electronics  box  and  connections 
to  connectors  J1  and  J2  of  drawing  5114-2051  was  made  by  the  cir¬ 
cuit  shown  in  Fig.  2.  That  circuit  was  mounted  in  a  small  chassis 
and,  when  connected  to  a  28  V  power  supply  capable  of  supplying 
several  amperes,  provided  the  voltages  to  operate  the  refrigerator 
and  the  refrigerator  instrumentation.  When  connected  to  a  digital 
voltmeter,  the  circuit  provided  measurements  of  the  instrumentation 
voltages  as  processed  for  the  satellite  telemetry  Inputs.  In  ad¬ 
dition  to  the  five  refrigerator  parameters  discussed  in  Section  2, 
outputs  were  provided  for  the  5  and  10  V  sensor  voltages  generated 
within  the  electronics,  the  5  V  converter  voltages  generated  for 
the  motor  drive  logic  circuits,  and  a  Hall  effect  switch  voltage 
to  apply  to  a  counter  to  obtain  an  absolute  measure  of  r^efrigera- 
tor  drive  motor  speed.  Two  of  the  test  chassis  as  shown  in  Fig.  2 
were  built;  one  contained  its  own  28  V  power  supply  and  digital 
voltmeter. 
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Fig.  2  Small  chassis  refrigerator  test  box  circuit. 
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After  installing  and  checking  the  APL  electronics  box  on 
the  refrigerator  and  trimming  the  telemetry  operational  amplifier 
outputs  to  cover  the  0  to  5  V  range,  the  refrigerator  was  installed 
on  the  test  stand  (Fig.  3).  This  test  stand  was  mounted  in  a  bell 
jar  pumped  by  a  6  in.  diffusion  pump  and  capable  of  maintaining  a 

vacuum  of  10  ^  torr.  The  base  and  heat  exchange  flange  of  the  re¬ 
frigerator  were  tightly  screwed  to  platens  that  could  be  main¬ 
tained  at  any  temperature  between  ~20  and  +45 °C  by  cool  nitrogen 
gas  and  resistive  heating  elements.  Plates  were  clamped  to  the 
first  and  second  stage  flanges  on  the  refrigerator  which  contained 
resistors  to  provide  the  heat  loads  and  thermocouples  to  measure 
the  temperatures.  The  voltages  of  the  first  and  second  stage 
chromel-constantan  thermocouples,  referenced  to  an  ice  bath,  were 
read  on  a  Leeds  and  Northrop  potentiometer,  a  pair  of  thermocouples 
were  mounted  on  each  of  the  platens  and  these  and  other  thermo¬ 
couples  mounted  on  the  cool  N2  gas  entering  and  leaving  the  platens 

were  measured  on  a  Brown  digital  printing  recorder.  This  Brown 
recorder  was  referenced  to  a  thermocouple  placed  in  a  deep  pit 
under  the  laboratory  floor  that  maintained  a  constant  temperature 
to  ±0.25“C  throughout  the  year.  Readings  of  the  platen  tempera¬ 
tures  were  accurate  to  within  t0.5‘’C,  and  readings  of  the  first 
and  second  stage  refrigerators  temperatures  were  accurate  to  with¬ 
in  ±0.25*0. 

The  heat  loads  were  measured  by  using  an  accurate  (0.01%) 
digital  voltmeter  to  measure  the  voltage  drop  across  a  calibrated 
resistor  (as  a  measure  of  the  current)  and  by  measuring  the  voltage 
across  the  load  resistor  (at  the  point  where  the  load  resistors 
wires  are  clamped  to  the  platens  1  ft  from  the  resistors).  Al¬ 
though  some  heat  is  produced  in  the  1  ft  lead  wire  and  some  heat 
is  conducted  to  the  first  and  second  stages  by  conduction  along 
the  lead  wires  to  the  load  resistor,  the  product  of  the  current 
and  voltage  as  measured  by  the  digital  voltmeters  was  used  as  the 
stated  head  load.  Calculating  the  errors  (for  a  nominal  0.300  W 
load  on  the  second  stage  and  a  1.50  W  load  on  the  first  stage), 
the  results,  for  temperatures  of  70  and  140K  are  as  follows: 


Power  in  load 

Power  produced 

Power  conducted 

resistor 

in  lead  wire 

into  heat  load 

(W) 

(W) 

(W) 

Second  stage 

0.294 

0.006 

0.0073 

First  stage 

1.44 

0.06 

0.0052 

Since  most  of  the  heat  generated  in  the  lead  wires  must  flow  into 
the  cold  first  and  second  stage  flanges,  the  heat  loads  are,  if  any¬ 
thing,  slightly  greater  than  stated.  The  thermocouple  leads,  which 
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are  0.005  in.  diameter  chromel  and  constantan  wires,  have  such 
small  thermal  conductivity  compared  to  copper  that  their  contribu¬ 
tion  to  the  heat  load  can  be  ignored. 

Thermal  testing  of  the  S/N  1  refrigerator  was  begun  in 
August  1975.  The  results  of  these  initial  tests  are  of  little 
interest  in  view  of  subsequent  events.  On  September  3,  1975,  the 
refrigerator  was  removed  from  the  bell  jar  and  mounted  on  a  shake 
table  for  the  random  vibration  tests.  The  titanium  cold  finger 
failed  in  this  test  at  the  acceptance  test  level  (see  Appendix  I, 
Section  7.1).  It  was  decided  to  reduce  the  sizes  of  the  first  and 
second  stage  refrigerator  flanges  from  those  shown  in  Fig.  30  of 
Appendix  I  to  those  shown  in  Fig,  1  (that  is,  from  diameters  of 
2.00  to  0.875  in.  for  the  first  stage,  and  from  1.0  to  0.500  in. 
for  the  second  stages. 

A  stress  analysis  using  the  NASTRAN  structural  analysis 
computer  program  was  made  by  APL  on  the  titanium  cold  finger.  This 
analysis  showed  that  for  the  qualification  test  level,  the  princi¬ 
pal  stress  on  the  cold  finger  would  be  67,000  psi  for  the  original 
large  disk  configuration  and  20,000  psi  for  the  reduced  disk  con¬ 
figuration.  Since  the  allowable  stress  for  the  titanium  alloy  used 
for  the  cold  finger  was  115,000  psi,  the  original  configuration 
should  have  survived  with  a  margin  of  safety  of  0.75;  with  the 
reduced  flange,  the  margin  of  safety  was  4.7.  This  margin  of 
safety  was  judged  to  be  adequate  and  the  S/N  1  refrigerator  was 
returned  to  Philips,  fitted  with  a  new  cold  finger  with  the  re¬ 
duced  flanges,  and  returned  to  APL  on  October  3,  1975. 

On  November  3,  1975,  the  S/N  1  refrigerator  survived  the 
random  vibration  tests  at  full  qualification  levels  and  thermal 
performance  testing  was  resumed.  On  November  18,  a  start  of  the 
refrigerator  produced  the  anomalous  result  that  the  second  stage 
temperature  increased  to  15°C  within  a  few  minutes.  When  the 
anomalous  behavior  was  observed,  the  refrigerator  was  turned  off. 
After  cooling  to  about  45*0,  the  refrigerator  was  restarted  and 
both  the  first  and  second  stages  cooled  normally.  Since  the 
Stirling  cycle  refrigerators  operate  with  the  piston  (compressor) 
and  regenerators  phased  about  90“  apart,  if  the  direction  of  ro¬ 
tation  is  reversed,  the  refrigerator  pumps  heat  in  the  direction 
to  heat  the  first  and  second  stages  rather  than  cool  them. 

The  possibility  of  a  motor  reversal  had  ominous  implica¬ 
tions  for  orbital  flight  and  APL  reviewed  the  motor  drive  elec¬ 
tronic  logic  circuit  and  conducted  numerous  laboratory  tests  to 
assess  the  probability  of  this  event  occurring.  No  such  failure 
mode  could  be  found,  either  in  theory  or  practice.  Since  the 
limited  data  available  for  the  November  18  event  indicated  that 
no  heating  had  occurred  on  the  first  stage,  APL  concluded  that 
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the  heating  had  been  caused  by  a  temporary  high  friction  situation 
probably  caused  by  loose  debris  on  the  second  stage  regenerator. 
This  hypothesis  was  supported  by  the  fact  that  the  refrigerator 
performance  had  significantly  improved  after  the  November  3  event. 
By  September  1976,  APL  had  decided  that  to  protect  the  motor  drive 
against  reversal  by  additional  electronic  circuitry  presented  a 
greater  risk  than  the  benefit  would  be. 

In  November  and  December  of  1975,  performance  maps  of  the 
S/N  1  refrigerator  were  run.  Figure  4  shows  the  temperature  of 
the  second  and  first  stage  flanges,  as  the  heat  load  on  the  second 
stage  is  varied,  for  two  values  of  the  first  stage  heat  load  and  a 
fixed  refrigerator  speed  of  1000  rpm.  Figure  5  shows  the  tempera¬ 
tures  for  fixed  heat  loads  as  the  temperature  of  the  heat  exchange 
flange  is  varied  from  0  to  50°C.  It  Is  observed  that  the  varia¬ 
tion  on  the  first  and  second  stage  flanges  is  relatively  insensi¬ 
tive  to  the  heat  exchange  flange,  as  Is  expected  both  from  the 
consideration  of  Carnot  efficiency  and  from  the  variation  in  power 
consumption.  The  performance  map  for  fixed  heat  loads  and  heat 
exchange  temperature  but  varying  motor  speeds  is  shown  in  Fig.  6. 

After  the  S/N  1  refrigerator  had  met  the  thermal  perform¬ 
ance  specifications,  it  was  placed  on  life  test  on  January  6,  1976. 
This  life  test  continued  (with  interruption  caused  by  difficulties 
revealed  by  the  test  procedures  and  the  acceptance  testing  program 
for  Che  flight  model  refrigerators)  until  March  8,  1978.  One  of 
the  consequences  of  the  life  test  was  that  the  necessity  for  an 
improved  method  of  charging  the  refrigerators  was  revealed;  this 
complicated  the  delivery  schedule  of  the  flight  model  refrigera¬ 
tors  to  LPARL. 

The  first  flight  model  refrigerator  (S/N  2)  was  delivered 
to  APL  on  September  5,  1975,  equipped  with  the  large  first  and 
second  stage  flanges.  It  was  also  found  that  the  cast  magnesium 
crankcase  end  plates  leaked  excessively.  The  unit  was  returned 
to  Philips  Laboratories,  the  first  and  second  flanges  reduced  in 
size,  and  new  crankcase  end  plates  were  installed.  On  December 
24,  1975,  the  S/N  2  refrigerator  was  returned  to  APL.  By  that 
time,  Philips  and  APL  had  decided  that  machined  (rather  than  cast) 
crankcase  end  plates  would  be  required  and  Philips  began  the  manu¬ 
facture  of  the  new  end  plates.  However,  S/N  2  and  3  were  delivered 
to  APL  with  cast  magnesium  end  plates  and,  after  acceptance  test¬ 
ing,  delivered  to  LPARL  with  the  understanding  that  before  launch, 
the  crankcase  end  plates  would  be  replaced  with  the  new  design. 

The  S/N  2  refrigerator  was  the  first  unit  equipped  with  the 
flight  model  electronics  box.  Since  the  Stirling  cycle  refrigera¬ 
tor  uses  a  simple  piston  compressor  at  the  nominal  motor  speed  of 
1000  rf)m,  current  fluctuations  will  occur  at  16-2/3  Hertz  due  to 
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Fig.  4  Refrigerator  S/N  1  temperature  versus  second  stage  flange  load. 
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First  stage  and  second  stage  temperatures  and  power 
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load  on  intermediate  flange  and  0.30  W  on  cold  finger 
flange;  heat  exchange  temperature  =  293  K. 


Fig.  6  Refrigerator  S/N  1  temperature  versus  speed. 
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the  compression  stroke  alone.  From  the  description  of  the  motor 
drive  coil  switching  circuits  and  the  motor  speed  regulation  cir¬ 
cuits  in  Appendix  II,  switching  noise  will  occur  at  300  Hz  and 
10  kHz.  Within  the  space  available  in  the  electronics  box, 
there  was  no  possibility  of  appreciably  smoothing  the  lowest  fre¬ 
quency  current  fluctuation.  Several  inductors  were  designed  and 
built  and  with  the  capacitor  values  shown  in  Appendix  II,  the 
optimum  choke  value  was  chosen  by  experiment.  For  the  final  filter 
design,  the  input  current  waveform  is  shown  on  Fig.  7.  The  spec¬ 
tral  analysis  of  the  current  waveform  is  shown  in  Figs.  8  and  9. 

It  is  observed  that  in  the  free-running  (unregulated)  speed  posi¬ 
tion  (about  1150  rpm)  the  current  fluctuations  are  significantly 
reduced. 

After  completion  of  thermal  and  environmental  testing,  the 
S/N  2  refrigerator  was  delivered  to  LPARL  on  February  2,  1976. 

LPARL  used  this  unit  for  tests  in  their  experiment  in  1976,  re¬ 
turning  it  to  APL  for  installation  of  the  new  crankcase  end  plates 
in  January  1977. 


ACCEPTANCE  TESTING  OF  FLIGHT  MODEL  REFRIGERATORS 

As  stated  above,  the  acceptance  testing  program  of  the 
flight  model  refrigerators  was  interactive  with  the  life-test  re¬ 
sults  on  the  S/N  1  refrigerator.  Thus  S/N  2  and  3  refrigerators 
were  delivered  to  LPARL  with  the  realization  that  they  would  have 
to  be  recalled  for  the  installation  of  improved  (machined)  crank¬ 
case  end  plates  and  recharged  with  helium  of  higher  purity.  S/N 
4,  5,  and  6  were  delivered  (beginning  in  October  1976)  with  end 
plates  of  the  new  design  and  with  crankcase  pressure  transducers 
that  had  undergone  more  careful  and  rigorous  testing  before  instal¬ 
lation. 


The  schedule  for  the  acceptance  testing  and  delivery  of  the 
flight  model  refrigerators  to  LPARL  is  given  in  Table  2.  At  LPARL, 
starting  problems  were  experienced  on  two  occasions  with  S/N  2,  but 
these  were  not  reproduced  at  APL,  nor  was  any  fault  in  the  elec¬ 
tronics  drive  circuit  ever  found  that  explained  the  starting  prob¬ 
lem.  From  the  refrigerator  log  book  starting  difficulties  always 
occurred  after  the  refrigerator  had  been  out  of  operation  for  six 
months  or  so  and  were  apparently  caused  by  a  "set"  or  "sticking" 
of  the  piston  or  regenerator  seals.  Exhaustive  testing  of  the 
starting  circuits  at  APL  always  showed  that  they  operated  as 
designed  (see  Appendix  II),  and  provided  the  required  protection 
for  the  satellite  power  supply  (Ref.  3).  The  several  instances 
of  the  failure  of  the  refrigerator  to  start  experienced  at  LPARL 
(and  at  APL)  are  probably  related  to  the  use  of  current-limited 
power  supplies  in  the  laboratory.  These  power  supplies,  usually 
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(Current)  voltage  across  0.1  il  resistor 


Voltage  across  power  supply  with  0  1  1’  impedance 


Sweep:  20  ms 'cm 
•Amplitude  0.2  V  cm 
Refrigerator  running  at  1000  rpm 


DC  coupled 


AC  coupled 


Fig.  7  Refrigerator  input  current  waveform. 
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Fig.  9  Typical  refrigerator  current  spectrum,  speed  unregulated. 
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limited  to  2  to  2.5  A,  do  not  duplicate  the  low  impedance  power 
source  of  the  satellite;  failure  to  start  under  laboratory  condi¬ 
tions  does  not  necessarily  imply  that  this  difficulty  will  be  ex¬ 
perienced  in  space. 

Before  delivery  to  LPARL,  the  flight  model  refrigerators 
were  tested  for  thermal  performance,  subjected  to  the  acceptance 
level  vibration  tests,  and  a  spectrum  analyzer  run  made  for  the 
current  noise  at  the  three  operating  speeds.  Thermal  performance 

tests  were  made  in  a  vacuum  bell  jar  at  a  pressure  of  10  torr  or 
less.  Before  shipment,  calibration  graphs  were  made  for  the  telem¬ 
etry  outputs  (0  to  5  V)  of  the  crankcase  pressure  transducer,  the 
pressure  strain  gauges,  refrigerator  current  consumption,  motor 
speed,  and  second  stage  temperature;  they  were  forwarded  to  LPARL 
with  the  refrigerators. 

The  results  of  the  thermal  performance  tests  are  given  in 
Table  3.  Results  of  the  tests  were  essentially  the  same  for  the 
tests  performed  before  and  after  the  vibration  tests.  Starting 
tests  were  performed  at  each  temperature  of  the  heat  exchange 
flange.  After  the  final  delivery  of  the  refrigerators  to  LPARL  as 
listed  in  Table  2,  APL  had  no  further  experimental  experience  with 
them  until  the  pre-launch  tests  conducted  in  November  1978  (dis¬ 
cussed  in  Chapter  4). 


LIFE  TEST  OF  THE  S/N  1  REFRIGERATOR 

As  stated  earlier  in  this  chapter,  the  life  test  of  the  S/N 
1  refrigerator  (the  engineering  model)  was  interactive  with  the 
delivery  schedule  and  design  changes  of  the  flight  model  refriger¬ 
ators.  The  initial  performance  testing  and  mapping  of  the  S/N  1 
refrigerator  was  carried  out  in  November  and  December  1975  in  the 
vacuum  bell  jar  test  set  stand  (Fig.  3).  For  the  life  test,  a 
separate  test  chamber  was  constructed  (Fig.  10).  The  vacuum  region 
was  limited  to  the  region  above  the  heat  exchange  flange  and  was 
pumped  through  a  tube  and  valve  connected  to  the  bell  jar  vacuum 
system.  Temperatures  of  the  first  and  second  stages  were  measured 
by  thermocouples  referenced  to  an  ice  bath,  using  a  Leeds  and 
Northrup  potentiometer.  The  thermocouples  were  also  read  on  a  set 
of  temperature  controllers  that  shut  off  the  refrigerator  if  the 
first  or  second  temperatures  exceeded  a  preset  valve.  A  conven¬ 
tional  locking  relay  was  used  to  prevent  restarting  the  refriger¬ 
ators  and  test  apparatus  in  the  event  of  a  failure  of  the  labora¬ 
tory  AC  power  supply.  The  heat  exchange  flange  was  cooled  by  the 
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Stainless  steel  jacket 


Fig.  10  Schematic  diagram  of  refrigerator  mounted  in  life  test  chamber. 
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laboratory  chilled  water  supply  to  18  to  22°C.  Temperature  con¬ 
trollers  on  both  the  heat  exchange  flange  and  refrigerator  elec¬ 
tronics  box  were  set  to  turn  off  the  experiment  if  temperatures 
exceeded  normal  values.  The  conventional  automatic  vacuum  system 
that  pumped  both  the  bell  jar  and  life  test  chamber  had  the  usual 
interlocks  against  power  failure  and  a  pneumatic  valve  that  iso¬ 
lated  the  evacuated  volume  in  case  of  vacuum  pump  failures.  Power 
supply  voltages,  refrigerator  currents,  and  the  telemetry  outputs 
of  the  refrigerator  instrumentation  were  read  as  described  earlier 
in  this  chapter. 

The  life  test  began  on  February  8,  1976  and  was  completed 
on  March  3,  1978.  References  4,  5,  and  6  contain  a  detailed  his¬ 
tory  of  the  tests  and  the  results  obtained;  here  a  brief  resume  is 
given  with  emphasis  on  the  effects  that  the  life  test  had  on  the 
completion  of  the  flight  model  refrigerators. 

An  example  of  the  refrigerator  performance  during  the  early 
part  of  the  lift  test  is  given  in  Fig.  11.  During  a  continuous 
run  of  145  hours,  the  temperatures  of  both  the  first  and  second 
stages  were  observed  to  continuously  rise,  the  first  stage  at 
about  2.6K  per  day  and  the  second  stage  at  4. IK  per  day.  If  the 
refrigerator  was  turned  off  and  allowed  to  warm  to  ambient  temper¬ 
ature,  on  restart  the  temperature  returned  or  nearly  returned  to 
its  value  at  the  beginning  of  the  test.  Since  the  refrigerator 
cold  finger  acts  as  a  cold  trap  and  collects  frost  while  in  the 
vacuum  chamber,  it  was  thought  (Ref.  4)  that  all  or  part  of  this 
temperature  rise  could  be  due  to  changes  in  the  emissivity  of  the 
cold  finger  caused  by  the  freezing  of  water  vapor.  Later  events 
were  to  prove  that  all  of  this  temperature  rise  could  not  be  due 
to  this  effect. 

About  February  15,  1978,  a  significant  change  occurred  in 
the  S/N  1  refrigerator  performance.  The  first  stage  temperature 
decreased,  but  the  second  stage  temperature  increased  by  about 
lOK  and  began  a  rapid  rate  of  rise.  This  rather  abrupt  change  in 
performance  was  confirmed  in  the  bell  jar  test  stand  and  on  March 
18,  1976  (after  868  hours  of  accumulated  operation)  the  unit  was 
returned  to  Philips  Laboratories  for  examination. 

When  the  S/N  1  refrigerator  was  disassembled  at  Philips 
(Ref.  5),  it  was  found  that  the  Roulon  seal  on  the  second  stage 
displacer  was  excessively  worn  and  that  the  second  stage  refriger¬ 
ator  was  clogged  with  debris.  The  cause  of  this  excessive  wear 
could  not  be  determined,  but  the  second  stage  had  been  overheated 
on  November  18,  1975  (as  described  earlier  in  this  chapter),  and 
the  displacer  connecting  rod  was  slightly  misaligned.  After  re¬ 
aligning  the  connecting  rod  and  replacing  the  second  stage  dis¬ 
placer  and  regenerator,  the  unit  was  returned  to  APL. 
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Fig.  11  Refrigerator  S/N  1  life  test  beginning  January  30,  1976. 
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Placed  on  life  test  on  May  24,  1976,  the  unit  operated 
satisfactorily  for  several  days  but  then  suffered  a  repeated  series 
of  stoppages  after  8  to  18  hours  of  operation.  These  stoppages 
were  caused  by  a  rapid  rise  in  the  first  stage  temperature,  which 
opened  the  safety  interlock  on  the  refrigerator  power  supply.  An 
impurity,  possibly  water  vapor  trapped  within  the  refrigerator,  was 
suspected  to  be  the  cause  of  the  problem.  This  was  verified  on 
July  14,  1976,  when  Philips  disassembled  the  refrigerator  at  APL 
and  found  visible  drops  of  water  within  the  working  volume  of  the 
cold  finger. 

Philips  Laboratories  now  perfected  an  imporved  method  of  re¬ 
charging  the  refrigerators  with  helium.  This  method  is  described 
in  detail  in  Section  5.1  of  Appendix  I,  but  essentially  consisted 
of  a  bake-out  of  the  refrigerator  in  vacuum  at  140°F  and  a  careful 
purging  and  recharge  of  the  refrigerator  with  helium  fed  through  a 
liquid  nitrogen  cold  trap.  Returned  to  APL  on  August  19,  1976,  the 
electronics  box  was  checked  for  possible  motor  reversal.  No  elec¬ 
tronic  failure  was  found  that  could  cause  reversal.  On  September 
2,  1976,  the  unit  was  returned  to  life  test. 

Performance  of  the  S/N  1  refrigerator  as  measured  during 
the  life-test  was  the  best  that  had  been  observed  under  laboratory 
conditions.  Figure  12  shows  the  temperatures  of  the  first  and 
second  stages  as  measured  during  a  360  hour  run  made  in  October, 
1976,  The  temperature  rise  of  the  first  stage  was  about  0.66K 
per  day;  and  for  the  second  stage  was  about  0.93K  per  day.  This 
slow  temperature  rise  was  acceptable  for  any  experiment  contem¬ 
plated  by  LPARL  in  space.  The  S/N  1  refrigerator  life  test  con¬ 
tinued  until  March  3,  1978,  at  which  time  it  was  terminated  because 
the  lifetime  specifications  had  been  met.  During  that  period,  no 
failures  or  difficulties  were  experienced  in  the  refrigerator  oper¬ 
ation,  the  helium  gas  charge  in  the  refrigerator  was  unperturbed, 
and  (except  for  interruptions  caused  by  acceptance  tests  of  flight 
model  refrigerators,  holidays,  vacations,  power  outages  and  main¬ 
tenance  of  the  test  facility)  the  life  test  was  run  continually 
until  its  completion.  Tie  longest  uninterrupted  runs  were  about 
400  hours. 

Again  it  was  observed  that  following  a  long  run,  the  temper¬ 
atures  of  the  first  and  second  stages  returned  almost  to  their 
values  before  the  run  if  the  refrigerator  was  allowed  to  warm  to 
ambient  temperatures  and  restarted.  Superimposed  on  the  daily 
temperature  rise  observed  during  continuous  operation  was  a  slower 
degradation  of  performance  observed  following  restart  of  the  re¬ 
frigerator.  Figure  13  shows  the  refrigerator  performance,  measured 
about  24  hours  after  it  was  started,  throughout  the  8140  hours  of 
the  life  test.  For  this  figure,  the  heat  load  and  refrigerator 
speed  were  held  constant.  The  first  stage  temperature  Increased 
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Fig.  12  Refrigerator  S/N  1  life  test  beginning  October  19,  1976. 
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Initial  temperatures  and  power  consumption 
(24  hours  after  start-up)  versus  accumulated 
hours  of  operation 


Fig.  13  Refrigerator  S/N  1  initial  temperatures  and  power  consumption. 
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at  a  rate  of  2.36K  per  month  and  the  second  stage  temperature  at 
a  rate  of  3.62K  per  month  (where  time  is  measured  in  units  of 
accumulated  operating  time).  At  the  end  of  the  life  test,  the 
performance  of  the  refrigerator  versus  motor  speed  v^as  measured. 

The  results  are  shown  on  Fig.  14.  The  second  stage  temperature 
was  82. 4K  and  the  power  consumption  was  24.4  U',  well  within  the 
original  specifications  for  the  refrigerator  (u  90K  on  the  second 
stage  for  a  0.30  W  heat  load). 

It  should  be  noted  that  the  laboratory  chilled  water  supply 
used  to  cool  the  heat  exchange  flange  fluctuated  from  Ib^C  to  24°C 
within  a  period  of  about  25  minutes.  This  regular  fluctuation 
produced  periodic  fluctuations  in  the  refrigerator  first  and  sec¬ 
ond  stage  temperatures  as  xvell  as  in  the  current  consumption. 

Figure  15  shows  these  fluctuations  as  recorded  on  strip  chart  re¬ 
corders.  While  not  of  interest  in  themselves,  these  fluctuations 
cause  a  noticeable  scatter  in  the  plotted  results  of  Figs.  12  and 
13,  which  were  taken  at  random  times  in  the  cooling  water  cycle. 

The  long  time  degradation  of  refrigerator  performance  and 
decrease  in  power  consumption  shown  on  Fig.  13  could  have  been 
caused  by  a  loss  of  helium  pressure,  contamination  of  the  regener¬ 
ators  by  impurities  in  the  helium  charge,  or  by  wear.  The  pres¬ 
sure  within  the  refrigerator  was  monitored  by  the  Kulite  pressure 
transducer  throughout  the  life  test,  but  this  transducer  was  known 
to  be  subject  to  long-time  errors  caused  by  leakage  of  helium  into 
the  evacuated  reference  volume,  which  appeared  on  the  transducer 
output  as  a  lower  signal  or  lower  pressure.  To  determine  what  the 
pressure  in  the  refrigerator  was  at  the  end  of  life  test  and  the 
effect  of  helium  loss  alone  on  refrigerator  performance,  the  S/N  1 
refrigerator  was  recharged  on  March  8,  1978.  The  pressure  was  read 
on  an  accurate  diaphram  absolute  pressure  guage  with  a  specified 
accuracy  of  0.25  psi.  The  results  are  shown  on  Table  4. 

Table  4 


Refrigerator  helium  pressure  and  performance  at  beginning 
and  end  of  life  test  and  after  helium  recharge. 


Sep  3, 

Mnr  3,  l<i7H 

Mar  8,  1978 

Helium  pressure 

71 

60.3 

71 

(psi.i) 

Kirst  stage  temperature 

64 

103 

77 

(K) 

Second  .stage  temperature 

151 

1 1: 

(K) 

Power  consumprlL>n 

30.5 

22.7 

:k.  : 

(W) 

.  -  . . 
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First  and  second  stage  temperatures  and  power  consumption 
versus  motor  speed,  end  of  life  test 


25 

24 

23 
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20 
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Fig.  14  Refrigerator  S/N  1  performance  map  at  end  of  life  test. 
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Fig.  15  Refrigerator  S/N  1  strip  chart  record  of  temperatures  and  current. 
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It  is  observed  upon  repressurization  that  the  first  stage 
returns  to  witliin  9K  and  tlie  second  stage  to  within  1 3K  of  their 
initial  temperatures.  Thus  the  temperature  degradation  throughout 
the  life  test  was  largely  (682)  due  to  the  loss  of  helium  pressure 
alone;  the  remaining  32%  must  have  been  caused  by  contamination  of 
the  regenerators  and  wear  on  piston  and  displacer  seals.  Figure 
16  shows  the  calibration  curve  for  the  crankcase  transducer  at  the 
beginning  and  end  of  the  life  test.  For  a  given  voltage  out,  the 
transducer  error  was  -5.5  psi  at  the  end  of  the  life  test. 

On  March  17,  1978,  the  unit  was  returned  to  Philips  Labora¬ 
tories  for  disassembly  and  inspection.  The  results  of  the  inspec¬ 
tion  are  given  in  Ref.  7.  Philips  found  the  interior  of  the  re¬ 
frigerator  in  very  good  condition.  The  regenerators  were  visibly 
clean  and  flow  tests  to  measure  the  resistance  to  gas  flow  before 
and  after  cleaning  the  regenerators  revealed  no  appreciable  effects 
of  debris  collection.  Chemical  analysis  of  the  fluids  used  to 
clean  the  regenerators  revealed  no  crankcase  lubricant,  even  though 
the  bearings  in  the  crankcase  had  lost  a  portion  of  their  Krytox 
grease.  The  upper  displacer  had  lost  about  O.OOOA  in.  of  diameter, 
and  the  cylinder  in  which  the  upper  displacer  moved  had  increased 
in  size  about  0.0008  in.  No  other  significant  wear  that  would  af¬ 
fect  performance  was  observed.  Mass  spectroscopy  analysis  of  the 
helium  charge  revealed  that  the  gas  was  over  98%  helium,  about  1% 
nitrogen  and  oxygen,  and  0.34%  other  gases.  The  water  vapor  con¬ 
centration  (which  could  not  have  exceeded  about  0.5%),  could  not  be 
measured  with  sufficient  accuracy  for  a  significant  result  because 
of  limitations  in  the  mass  spectrographic  and  infrared  scan  tech¬ 
niques.  Philips  estimates  that  the  mechanical  part  of  the  refrig¬ 
erator  would  certainly  have  continued  to  operate  for  3000  to  4000 
additional  hours.  After  disassembly  and  inspection.  Philips  re¬ 
placed  the  piston,  first  stage  displacer  seals,  and  crankcase  end 
plates,  but  did  not  distrub  the  second  stage  displacer.  After  re¬ 
charge  and  check  for  proper  operation,  the  unit  was  returned  to  APL 
on  July  14,  1978. 

Several  tests  of  the  S/N  1  refrigerator  were  then  made  at 
APL.  Typical  performance  when  it  was  first  returned  are  given  in 
Table  5  along  with  the  results  obtained  before  the  Philips  inspec¬ 
tion. 
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Gauge  pressure  (psia) 


Fig.  16  Refrigerator  S/N  1  crankcase  pressure  transducer  calibration  at 
beginning  and  end  of  life  test. 
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Table  5 


Refrigerator  performance  before  and  after  Philips 
inspection  and  reassembly. 


March  8,  1978 

July  21,  1978 

Helium  pressure  (psia) 

71 

71 

Second  stage  temperature 
(K) 

77 

70 

First  stage  temperature 
(K) 

132 

131 

Power  consumption  (W) 

28.7 

40.8 

Comparing  Tables  4  and  5,  it  is  observed  that  the  S/N  1 
refrigerator  did  not  return  to  its  original  performance,  but 
showed  an  improvement  over  the  results  obtained  immediately  after 
conclusion  of  the  life  test.  The  high  power  consumption  on  July 
21  was  caused  by  the  installation  of  the  piston  and  first  stage 
displacer  seals  at  Philips,  neither  of  which  has  been  run-in  for 
a  sufficient  length  of  time. 

During  August  1978,  several  runs,  about  a  week's  duration 
each,  were  made.  Power  consumption  decreased  to  about  35  W,  but 
the  rate  of  temperature  on  the  second  stage  remained  at  about  IK 
per  day,  as  it  had  been  throughout  the  life  tests.  At  the  request 
of  LPARL,  tests  were  performed  in  the  vacuum  bell  jar  to  determine 
the  low  ambient  temperature  at  which  the  refrigerator  would  fail 
to  start.  It  was  found  that  starts  were  uncertain  or  erratic  but 
ultimately  successful  at  -30'’C  for  the  crankcase  and  heat  exchange 
flange.  At  -20°C,  starts  were  smooth  for  all  three  motor  speeds. 

The  reason  for  the  daily  rise  of  the  first  and  second  stage 
temperatures  has  never  been  quantitatively  explained  by  any  ex¬ 
periment  performed  at  APL.  It  is  clear  that  the  refrigerator 
cold  finger  acts  as  a  cold  trap  when  in  vacuum;  the  trapping  ef¬ 
fect  is  easily  observed  on  an  ionization  guage  after  the  refriger¬ 
ator  is  started.  Since  the  predominant  gaseous  constituent  in 
conventional  vacuum  systems  is  water  vapor,  frosting  of  the  cold 
finger  will  occur  and  the  resulting  change  in  emlssivity  will 
change  the  radiative  heat  transfer  into  the  cold  finger.  When  in 
the  life  test  chamber  (or  the  bell  jar),  the  refrigerator  cold 
finger  is  a  relatively  small  surface  at  a  temperature  T2  surrounded 

by  a  large  surface  at  a  temperature  T^,  and  the  heat  load  supplied 
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to  the  cold  finger  by  radiation  is  given  by 

H/cm^  =  e  (5.67  x  (1^“^  -  T^'^)  W/cm^,  (1) 

where  e  =  emissivity. 

The  temperature  of  the  cold  finger  between  the  first  stage 
flange  and  second  stage  flange  varies  from  about  135K  to  70K; 
the  result  of  Eq.  1  is  not  very  sensitive  to  the  value  of  T^; 

taking  as  77K  and  as  300K,  Eq.  1  gives 

H/cm^  =  e  (4.57  x  lO"^)  W/cm^.  (2) 

Assuming  that  the  emissivity  of  a  gold  plated  surface  is  0.02, 

2 

for  the  15  cm  area  of  the  cold  finger  the  heat  input  is 

H  =  (0,02) (4.57  X  10“^)(15)  =  0.0137  W.  (3) 

Thus,  the  measured  heat  load  on  the  second  stage  of  0.300  W  is 
really  0.3137  W,  and  if  the  effect  of  frosting  increases  the  em- 
misslvlty  to  0.1,  the  heat  load  becomes  0.3685  W.  From  the  per¬ 
formance  map  of  Fig.  4,  this  change  of  second  stage  heat  load 
would  produce  a  temperature  increase  of  9K. 


For  water  vapor,  the  pumping  speed  for  a  surface  near  liquid 
nitrogen  temperature  is  (Ref.  8): 


pumping  speed/cm  =  14.7  £/s. 


(4) 


The  measured  pressure  in  the  vacuum  chamber  surrounding  the 

cold  finger  is  from  5  x  lo  to  1  x  lo  ^  torr;  assuming  that  the 

vapor  pressure  of  water  is  5  x  lo  ^  torr,  then  the  number  of  mole- 

2  14 

cules  pumped  per  second  per  cm  surface  is  2.49  x  lO  (or  the 

2  -9 

mass  of  water  vapor  frozen  out  on  a  1  cm  surface  is  7.76  x  lO 

-4 

g/s).  Thus  each  square  cm  of  surface  collects  6.7  x  lo  g/day  or 
the  surface  of  the  cold  finger  accumulates  almost  0.001  cra/day  of 
frost.  THe  effects  of  frosting  on  the  emissivity  (or  absorptance) 
of  a  gold  surface  is  unknown,  but  from  Ref.  9,  the  absorptance  of 
a  polished  aluminum  surface  increased  from  0.07  to  0.60  for  a 
cyro  deposit  of  0.001  cm  exposed  to  black  body  radiation  at  300K. 
Such  a  change  in  absorptance  would  result  in  a  heat  load  Increase 
that  is  many  times  that  required  to  explain  the  daily  temperature 
increase  observed  on  the  refrigerator  life  tests. 
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Nonetheless,  in  spite  of  the  lack  of  quantitative  agreement 
with  experimental  results,  it  was  thought  in  January  1976  that  the 
observed  temperature  increases  of  about  4K/day  (Fig.  11)  were 
probably  caused  by  the  freezing  of  contaminates  on  the  exterior  of 
the  cold  finger.  Following  the  results  of  the  October  1976  per¬ 
formance  test  (which  are  described  above  and  given  in  Fig.  12)  it 
was  realized  that  the  improved  helium  charging  technique  developed 
by  Philips  in  the  summer  of  that  year  had  significantly  reduced 
the  rates  of  temperature  rise  measured  on  the  second  and  first 
stages.  It  was  clear  that  the  greater  part  of  the  4K/day  temper¬ 
ature  increase  had  been  caused  by  the  effects  of  internal  contam¬ 
ination  of  the  helium  charge  (probably  freezing  out  in  the  regen¬ 
erators)  ,  and  not  external  frosting  on  the  cold  finger.  Since  the 
temperature  rise  observed  after  the  improved  method  of  gas  charg¬ 
ing  was  perfected  was  acceptable  to  LPARL  for  its  projected  experi¬ 
ments  in  space,  the  problem  became  ignorable.  However,  the  IK/day 
temperature  rise  that  persisted  throughout  the  life  test  remained 
unexplained;  the  bake-out  procedure  used  by  Philips  would  not  have 
removed  all  the  water  vapor  in  the  refrigerator  and  no  method  was 
available  during  the  life  test  to  evaluate  the  effects  of  the 
additional  thermal  loading  caused  by  external  frosting. 

An  attempt  was  made  in  October  1979  to  determine  if  the  rate 
of  temperature  rise  of  the  second  stage  could  be  increased  by  in¬ 
creasing  the  pressure  in  the  life  chamber  by  an  order  of  magnitude 
—6  “5 

(from  1  X  10  to  1  X  10  torr,  as  read  on  the  ionization  guage). 
The  pressure  increase  was  obtained  by  throttling  the  tubing  con¬ 
necting  the  life  test  chamber  to  the  main  vacuum  chamber.  Since, 
when  fully  open,  the  pumping  speed  for  this  connection  was  only 
about  0.15  l/s  (which  is  very  small  compared  to  the  cryogenic 
pumping  speed  of  the  cold  finger  for  water  vapor),  this  throttling 
process  would  have  very  little  effect  on  the  partial  pressure  of 
water  vapor  within  the  life  test  chamber.  Thus,  if  the  temperature 
increase  was  caused  by  the  frosting  from  water  vapor,  this  experi¬ 
ment  would  show  little  or  no  effect.  No  effect  was  observed. 

This  result  is  consistent  with  the  hypothesis  that  the  frosting 
of  water  vapor  increases  the  heat  load  on  the  cold  finger  but  does 
not  prove  it.  This  problem  will  be  further  discussed  in  the  fol¬ 
lowing  chapter,  where  the  results  of  refrigerator  performance  in 
orbit  are  given. 
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4.  PREFLIGHT  PREPARATION,  LAUNCH,  AND  IN-ORBIT  PERFORMANCE 


HELIUM  RECHARGE  OF  REFRIGERATORS 

As  discussed  earlier,  all  refrigerators  showed  helium  leak 
rates  that  resulted  in  a  pressure  loss  of  about  0.5  psi/month. 

Since  the  refrigerators  had  been  delivered  to  LPARL  over  a  wide 
interval  of  time  (see  Table  2),  it  was  necessary  to  recharge  the 
refrigerators  as  close  to  the  launch  date  as  possible.  This  re¬ 
charging  procedure  also  provided  the  only  opportunity  to  measure, 
over  time  periods  of  a  year  or  more,  the  helium  leak  rates  of  the 
flight  model  refrigerators  and  the  long-time  accuracy  of  the 
crankcase  pressure  transducers  and  the  strain  guage  pressure  mea¬ 
surements. 

The  method  of  recharging  and  the  design  of  the  necessary  re¬ 
charging  apparatus  was  a  cooperative  effort  of  APL  and  LPARL 
(Refs.  10  and  11).  LPARL  provided  the  in-house  part  of  the  ap¬ 
paratus  that  could  not  be  easily  transported  by  air  (i.e.,  the 
vacuum  system,  cold  traps,  and  helium  cylinder).  APL  constructed 
the  recharging  tubing  line  with  its  valves,  gauges,  and  interfacing 
connections.  Figure  17  shows  the  recharging  apparatus  configura¬ 
tion. 

On  September  22,  1978,  APL  assembled  the  recharging  appara¬ 
tus  at  LPARL  and  tested  it  by  recharging  the  S/N  2  refrigerator, 
which  at  that  time  was  the  flight  spare  (Ref.  12).  In  November 
1978,  the  LPARL  experiment,  containing  the  S/N  3,  4,  5,  and  6  re¬ 
frigerators,  was  returned  to  LPARL  from  Ball  Brothers  (the  satel¬ 
lite  contractor)  for  pre-launch  rework  and  final  adjustments.  On 
November  28  and  29,  APL  recharged  the  refrigerators  mounted  in  the 
LPARL  experiment.  The  telemetry  voltages  from  the  crankcase  pres¬ 
sure  transducers  and  strain  gauges  were  measured  both  before  and 
after  recharging  the  refrigerator.  A  precision  diaphram  absolute 
pressure  gauge  was  used  as  the  reference  gauge  for  all  pressure 
measurements  during  the  recharging  process.  Tables  6  and  7  show 
the  results  of  measurements  made  during  the  recharging  process. 

From  Table  6,  it  is  seen  that  the  helium  leak  rate  for  the 
refrigerators  varied  between  0.43  and  0.67  psi/month.  Only  the 
crankcase  pressure  transducer  on  S/N  3  showed  an  appreciable  error 
as  a  function  of  time.  For  this  unit,  a  new  pressure  calibration 
curve  was  prepared  and  left  with  LPARL.  As  shown  on  Table  7  the 
strain  gauge  mounted  on  the  helium  plenum  volume  shows  an  appreci- 
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Precision  absolute 
pressure  gauge 


Schrader  valve  controller 


Fig.  77  Satellite  refrigerator  recharging  configuration. 


Pressures,  telemetry  voltages,  leak  rates,  and  crankcase  transducer  errors 
as  measured  when  refrigerators  were  recharged. 
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Buffer  tank  strain  gauge  errors. 
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able  error  when  the  readings  were  compared  with  the  original  cali¬ 
bration  curves.  This  error  could  have  been  caused  by  the  long-time 
creep  of  the  epoxy  bond  holding  the  strain  gauge  bridge  to  the 
steel  plenum  tank.  In  any  case,  this  bridge  was  very  sensitive  to 
thermal  gradients  across  the  height  of  the  plenum  chamber.  Since 
the  strain  gauges  provided  a  redundant  measurement  that  was  diffi¬ 
cult  to  reproduce  within  5  to  10%,  no  attempt  was  made  to  generate 
new  calibration  curves  for  this  instrumentation.  It  was  adequate 
to  indicate  a  catastrophic  or  unusual  leak  in  space. 

REPLACEMENT  OF  S/N  4  REFRIGERATOR  WITH  S/N  2 

On  January  2,  1979,  APL  was  informed  by  LPARL  that  on  the 
Gamma  003  spectrometer,  a  sharp  rise  in  pressure  had  been  indicated 
by  the  Vacion  pump  when  refrigerator  S/N  4  was  started  at  the  Ball 
Brothers  facilities.  All  available  information  from  the  test  in¬ 
stallation  at  Ball  Brothers  indicated  that  the  pressure  rise  in 
the  pumped  region  of  the  Gamma  003  spectrometer  was  caused  by  a 
helium  leak  located  above  the  heat  exchange  flange  on  either  re¬ 
frigerator  S/N  4  or  5. 

On  January  6,  1979,  Gamma  003  was  returned  to  LPARL.  The 
S/N  4  refrigerator  was  removed  from  the  spectrometer  and  the  leak 
tested  by  LPARL  and  APL  with  a  Veeco  MS  helium  leak  detector.  A 
helium  leak  was  located  at  the  brazed  joint  between  the  titanium 
cold  finger  and  the  copper  second  stage  heat  exchange  flange 
(Ref.  13). 

The  flight  spare  refrigerator  S/N  2,  had  been  given  a  thorough 
telemetry  and  starting  test  by  APL  the  previous  day.  It  was  in¬ 
stalled  in  Gamma  003,  tested  for  operation  and  LPARL  started  the 
final  vacuum  bake-out  of  Gamma  003  on  January  7,  1979,  prior  to 
returning  the  spectrometer  to  Ball  Brothers  for  final  assembly 
and  testing  in  the  satellite. 

On  January  10,  1979,  APL  returned  the  S/N  4  refrigerator  to 
Philips  Laboratories  for  examination  and  rework.  Philips  Labora¬ 
tories  located  the  suspected  helium  leak  in  the  brazed  joint  at 
the  top  of  the  cold  finger  (second  stage  flange).  Phillips  dis¬ 
assembled  the  refrigerator  and  attempted  to  rebraze  the  joint  be¬ 
tween  the  cold  finger  and  the  second  stage  flange,  at  the  same 
time  starting  the  machining  of  a  new  cold  finger  in  the  event  that 
the  brazing  was  unsuccessful  or  distorted  the  original  titanium 
cold  finger.  The  rebrazing  was  successfully  performed  and  the 
unit  was  returned  to  APL  for  performance  checking.  On  February  12, 
1979,  the  S/N  4  refrigerator  was  returned  to  LPARL  to  become  the 
flight  spare  for  the  launch  of  the  payload,  scheduled  for  the 
first  favorable  date  after  February  18,  1980. 


IHE  JOHNS  HO*N(INS  UNIVEBSIT* 

applied  physics  laboratory 

V-aurel  Maryland 


REFRIGERATOR  PERFORMANCE  IN  ORBIT 


The  P-78-1  satellite  containing  the  DARPA  301  payload  was 
successfully  launched  into  a  sun-synchronous  polar  orbit  on  Febru¬ 
ary  24,  1979,  Two  LPARL  gamma  ray  spectrometers  were  mounted  in 
the  DARPA  301  payload;  a  spectrometer  detector  connected  to  two 
refrigerators  is  shown  in  Fig.  18.  The  second  stage  of  each  re¬ 
frigerator  was  connected  to  the  thermal  conductors  leading  to 
the  germanium  detector  by  flexible  copper  braid  to  minimize  the 
transmission  of  vibration  to  the  detector.  On  the  LPARL  spectrom¬ 
eter,  the  space  above  the  heat  rejection  flange  was  actively  pumped 
by  a  2  l/s  Vacion  pump.  A  heat  shroud  thermally  connected  to  the 
first  stage  of  the  refrigerator  surrounded  the  second  stage  and 
its  thermal  connection  to  the  detector.  The  thermal  shroud  was 
designed  with  a  large  thermal  capacity  to  retard  the  warming  of 
the  detector  when  the  refrigerator  was  turned  off. 


The  instrumentation  available  to  measure  thermal  performance 
consisted  of: 

1.  The  thermal  diode  mounted  in  the  second  stage  heat  ex¬ 
change  flange  by  APL. 

2.  A  thermal  diode  mounted  on  the  base  of  the  first  stage 
heat  shroud  by  LPARL. 

3.  Two  platinum  resistance  thermometers  mounted  across  the 
braid  connecting  the  second  stage  to  the  detector  heat 
conductors;  the  difference  in  temperature  of  this  pair 
of  thermometers  was  calibrated  to  read  the  heat  flow 
across  the  braid. 


4.  Current  to  the  Vacion  pump  was  measured  to  give  a  mea¬ 
sure  of  pressure  within  the  pumped  space  above  the 
heat  exchange  flange. 


As  Fig.  18  shows,  there  is  no  thermal  isolation  between  the  paired 
refrigerators;  thus,  if  one  refrigerator  is  operating  the  other 
refrigerator  presents  an  additional  heat  load.  LPARL  designates 
the  spectrometers  as  Gamma  003  and  Gamma  004  and  numbers  the  re¬ 
frigerators  as  shown  in  Table  8,  which  relates  the  LPARL  designa¬ 
tion  with  the  APL  serial  numbers. 
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Fig.  18  Thermal  connections  and  sensors  in  the  LPARL  gamma  ray  experiment. 
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Table  8 


LPARL  spectrLimeters  and  refrigerator  numbers. 


Spectrometer  No. 

Refrigerators 

APL  S/N 

LPARL  No. 

Gamma  003 

5 

1 

2 

2 

Gamma  004 

3 

3 

6 

4 

Within  a  few  hours  after  launch,  LPARL  had  started  the  re¬ 
frigerators  and  determined  that  they  operated  satisfactorily.  The 
following  information  on  orbit  performance  has  been  supplied  by 
LPARL,  which  has  access  to  the  telemetry  information  as  it  is  ac¬ 
quired  by  the  Air  Force  (Refs.  14  and  15). 

Following  launch,  it  was  found  that  refrigerator  telemetry 
signals  were  as  expected  with  the  following  exceptions  (all  re¬ 
frigerator  numbers  are  APL  S/N) . 

1.  The  crankcase  pressure  transducer  and  plenum  chamber 
pressure  strain  gauge  both  read  low  on  refrigerator  S/N 
6.  On  February  26,  the  telemetry  reading  indicated  a 
pressure  of  about  42  psia  in  this  unit.  From  the  agree¬ 
ment  of  the  pressure  transducer  and  strain  gauge  data 
and  the  performance  of  the  unit  as  determined  later, 
the  helium  loss  was  real.  Since  the  loss  of  helium  in 
this  unit  was  normal  (about  0.7  Ib/month)  when  the  re¬ 
frigerators  were  recharged  in  late  November  1979,  the 
logical  explanation  for  this  greatly  Increased  rate  of 
helium  loss  is  that  either  the  crankcase  refill  valve 
was  not  properly  sealed  following  refill  or  that  some 
leak  developed  in  the  crankcase  between  refill  and 
launch.  LPARL  telemetry  data  on  the  launch  pad  revealed 
that  the  helium  pressure  in  this  unit  was  low  before 
launch. 

2.  The  second  stage  temperature  diode  telemetry  readout  on 
refrigerator  S/N  3  was  inoperative  for  unknown  reasons. 
Thus,  all  second  stage  temperature  on  Gamma  004  must  be 
inferred  from  the  telemetry  readout  of  the  refrigerator 
S/N  6  temperature  diode. 
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3.  The  LPARL  heat  load  measurement  on  Gamma  004  was  inoper¬ 
ative. 

There  was  no  way  to  directly  measure  the  temperature  of  the  ger¬ 
manium  detector;  from  LPARL  laboratory  tests  in  a  mockup,  it  was 
estimated  that  the  detector  temperature  was  about  8K  higher  than 
the  measured  temperature  of  the  second  stage  diode. 

The  method  of  refrigerator  operation  in  space  was  dictated 
by  the  requirements  of  the  LPARL  experiment  and  the  power  budget 
of  the  satellite  (which  Included  many  other  experiments).  After 
satisfactory  performance  of  the  gamma  ray  experiment  had  been  de¬ 
termined,  LPARL  began  a  long  run  on  Gamma  003  cooled  by  refrigera¬ 
tor  S/N  2  and  Gamma  004  cooled  by  refrigerator  S/N  3.  Because  of 
the  power  limitations  of  the  satellite,  initial  operation  consisted 
of  operating  the  refrigerators  for  about  seven  orbits  (about  11 
hours)  and  turning  them  off  for  one  orbit.  Typical  second  stage 
refrigerator  temperatures  as  a  funtion  of  time  after  nine  days  in 
orbit  are  shown  in  Fig,  19,  The  temperature  rise  when  the  refrig¬ 
erators  were  turned  off  is  evident  and  it  is  observed  that  the 
temperature  on  Gamm.a  004  is  lower  than  on  Gamma  003,  Irregulari¬ 
ties  on  the  time  scale  are  caused  by  the  location  or  availability 
of  injection  stations  as  the  satellite  circled  the  earth. 

For  spectrometer  Gamma  003,  this  method  of  operation  was 
continued  for  78  days  (1198  orbits).  At  tnat  time,  LPARL  began  a 
series  of  tests  in  which  they  allowed  the  experiment  to  warm  to 
temperatures  of  about  170K  and  finally,  after  98  days  in  orbit, 
to  276K  (satellite  ambient  temperature) .  This  warming  resulted 
in  so  large  an  increase  in  pressure  within  the  spectrometer  pumped 
vacuum  space  that  it  was  necessary  to  blow  the  squib,  which  exposed 
this  volume  to  space  vacuum.  Thereafter,  this  unit  was  operated 
exposed  to  space  vacuum  through  the  venting  port  and  with  the 
Vacion  pump  operating. 

The  operation  of  the  refrigerator  on  Gamma  003  for  the  first 
250  days  in  orbit  is  shown  in  Fig.  20,  where  the  periods  of  oper¬ 
ation  of  the  refrigerator  (in  the  manner  of  Fig.  19),  the  shroud 
temperature  (which  is  cooled  by  the  first  stage  of  the  refrigera¬ 
tors),  and  the  second  stage  temperature  of  refrigerator  S/N  2  are 
plotted.  Figure  20  is  somewhat  simplified  in  that  some  starts  and 
turn-offs  that  LPARL  conducted  for  experimental  reasons  are  omitted 
in  order  to  more  clearly  present  the  general  trends  in  performance. 

From  the  data,  refrigerator  S/N  2  had  warmed  from  85  to  121K 
in  98  days  of  operation,  a  rate  of  rise  of  about  0.38K/day  (about 
1/3  of  that  observed  under  laboratory  conditions).  Warming  the 
refrigerator  cold  finger  to  the  satellite  ambient  temperature  for 
a  period  of  days  did  not  significantly  improve  performance  when 
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Fig.  20  Gamma  003  experiment  temperature  versus  time. 
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the  refrigerator  was  restarted,  which  is  contrary  to  laboratory 
experience.  When  both  refrigerators  S/N  2  and  5  were  started 
after  129  days  in  orbit,  the  second  stage  temperature  dropped  to 
between  60  and  70K  (the  data  for  refrigerator  S/N  5  are  not  shown, 
but  are  essentially  identical).  This  temperature  was  low  enough 
to  assure  LPARL  that  any  degradation  of  detector  resolution  was 
caused  by  factors  other  than  a  sufficiently  low  temperature  on  the 
detector. 

The  performance  of  the  refrigerator  on  Gamma  004  are  plotted 
in  Fig.  21  for  the  first  220  days  in  orbit.  On  the  refrigerator 
second  stage,  the  temperature  rose  from  67K  to  118K  in  119  days 
(a  rate  of  increase  of  about  0.42K/day).  When  refrigerator  S/N  6 
was  turned  on  after  119  days,  some  decrease  was  observed,  but  since 
this  latter  unit  was  rapidly  losing  helium,  the  effect  was  not 
great.  After  the  cold  finger  was  warmed  to  ambient  temperature, 
significant  improvement  was  observed  with  both  refrigerators  oper¬ 
ating.  For  Gamma  004,  it  was  not  necessary  to  blow  the  squib 
venting  the  pumped  vacuum  region  to  outer  space  when  the  refriger¬ 
ators  were  warmed  to  ambient  satellite  temperature;  this  difference 
is  consistent  with  LPARL  pre-launch  data,  which  always  indicated  a 
better  vacuum  on  Gamma  004. 

Ground  measurements  by  LPARL  measured  the  total  heat  on  the 
second  stage  of  one  operating  refrigerator  to  be  0.345  W,  of  which 
0.114  W  was  the  germanium  detector  and  0.231  W  was  the  parasitic 
load  provided  by  the  idle  refrigerator.  In  orbit,  the  heat  load 
measured  by  the  LPARL  heat  meter  on  Gamma  003  (no  measurements 
were  available  for  Gamma  004)  were  initially  0.6  W,  of  which  about 
0.4  W  was  provided  by  the  detector.  From  the  performance  map  of 
Fig.  4  and  similar  data  taken  by  LPARL  (Ref,  15)  this  increase  in 
heat  load  would  more  than  explain  the  high  initial  temperature 
observed  in  Gamma  003  at  the  beginning  of  its  operation  in  space. 
Following  the  warm-up  after  98  days  of  operation,  the  measured 
heat  was  somewhat  reduced  (at  times  as  low  as  0.5  W) ,  but  all  heat 
load  measurements  on  Gamma  003  have  been  well  in  excess  of  the 
0,345  W  of  the  pre-launch  ground  measurements. 

Prior  to  launch,  LPARL  maintained  the  first  stage  of  the 
refrigerators  at  near  liquid  nitrogen  temperature  (77K)  and 
since  this  cooling  continued  for  over  a  week,  there  is  no  question 
that  both  Gamma  003  and  Gamma  004  entered  space  with  contaminants 
frozen-out  on  the  cold  finger-detector  assemblies.  The  history  in 
orbit  supports  the  belief  that  Gamma  003,  with  the  inferior  vacuum 
region,  shows  the  effects  of  greater  contamination. 
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Fig.  21  Gamma  004  experiment  temperature  versus  time. 
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Reference  15  reports  the  results  of  refrigerator  performance 
for  the  first  400  days  in  orbit.  At  the  end  of  this  period,  the 
accumulated  hours  of  operation  for  the  refrigerators  were  as 
follows : 


Gamma 

003 

S/N  5 

2657 

hours 

S/N  2 

5134 

hours 

Gamma 

004 

S/N  3 

7442 

hours 

S/N  6 

4458 

hours 

As  Figs.  20  and  21  indicate,  after  the  first  150  days  of 
operation  only  one  spectrometer  (using  both  its  refrigerators) 
was  operated  at  any  given  time.  For  example,  on  the  360th  day  in 
orbit,  Gamma  003  was  operating  with  both  S/N  5  and  2  running,  with 
a  second  stage  temperature  of  about  120°K. 

In  March  1980,  LPARL  began  operating  refrigerators  S/N  3  and 
6  on  Gamma  004  continuously;  i.e.,  the  refrigerators  were  not 
stopped  and  restarted  as  shown  in  Fig.  19.  This  method  of  opera¬ 
tion  was  continued  satisfactorily  through  August  1980,  and  as  of 
that  date,  LPARL  intended  to  continue  the  experiment  (Ref.  16). 

As  of  August  27,  1980,  the  second  stage  temperature  was  still  low 
enough  (120K)  to  insure  maximum  resolution  of  the  germanium  gamma 
ray  detector.  Thus,  after  551  days  in  orbit,  LPARL  was  still  ob¬ 
taining  useful  gamma  ray  spectral  data.  The  rate  of  temperature 
rise,  with  the  refrigerators  operating  continuously  is  apparently 
significantly  less  than  for  the  intermittent  operation  of  the  re¬ 
frigerators  during  the  first  year  in  orbit.  However,  LPARL  has 
not  made  available  detailed  performance  data  of  the  type  available 
In  Ref.  15  for  the  period  after  March  1980. 

The  choice  of  Gamma  004  for  the  continuous  operation  experi¬ 
ment  was  made  because  it  draws  slightly  less  power  than  does 
Gamma  003.  This  lower  power  consumption  is  caused  by  the  low 
helium  pressure  in  refrigerator  S/N  6.  At  the  end  of  the  400  days 
of  operation,  the  pressure  in  refrigerator  S/N  6  was  about  15  psia. 
At  this  pressure,  the  refrigerator  can  provide  little  cooling  ca¬ 
pacity,  but  when  operating  it  (to  some  extent)  reduces  the  heat 
load  on  the  S/N  3  refrigerator.  The  remaining  three  refrigerators 
maintained  pressure,  after  400  days  in  orbit,  of  61  psia  or  more, 
in  reasonable  agreement  with  the  results  expected  from  Table  6. 

This  pressure  decrease  would  result  in  a  second  stage  temperature 
increase  of  about  25K  for  the  standard  load  conditions  of  Table 
4.  As  mentioned  above,  no  heat  load  information  is  available  for 
Gamma  004  in  orbit,  but  there  is  no  reason  to  suppose  it  differs 
from  ground  test  results.  As  Ref.  15  states,  the  long-time 
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degradation  in  refrigerator  performance  can,  for  the  most  part, 
be  attributed  to  the  loss  of  helium  pressure  within  the  refriger¬ 
ators. 

Gamma  003,  whose  two  refrigerators  have  maintained  their 
helium  pressures  as  expected,  may  possess  useful  life  after  Gamma 
004  becomes  inoperative.  However,  because  of  the  lower  power 
consumption  of  Gamma  004  and  because  it  is  a  spectrometer  with 
better  resolution,  as  of  late  August  1980  LPARL  planned  to  con¬ 
tinue  operation  of  that  spectrometer  as  long  as  possible. 
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5 .  CONCLUSIONS 


The  data  from  measurements  of  the  refrigerator  performance 
in  orbital  flight  and  the  laboratory  life  test  confirm  the  con¬ 
clusion  that  the  objectives  of  the  Satellite  Refrigerator  Program 
have  been  met.  The  evolution  of  the  final  design  of  the  flight 
model  units  was  a  tedious  process,  but  as  of  late  September  1980, 
over  18  months  of  successful  operation  has  been  achieved  and  the 
only  known  factor  that  will  limit  the  time  of  operation  is  the 
loss  of  helium  pressure.  While  mechanical  refrigerators  have  not 
enjoyed  a  good  reputation  for  reliablility  (prior  to  the  launch  of 
the  LPARL  experiment  on  the  P-78-1  satellite  no  record  of  success¬ 
ful  operation  for  periods  longer  than  a  few  weeks  is  known) ,  the 
APL  refrigerators  clearly  demonstrate  that  the  mechanical  design 
of  these  units  (discussed  in  detail  in  Appendix  I)  is  satisfactory. 

Reference  17  discussed  several  uncertainties  in  the  factors 
affecting  refrigerator  performances  and  suggested  several  possible 
design  Improvements.  Results  of  orbital  flight  experience  sug¬ 
gest  slight  modifications  in  the  pre-flight  conclusions  of  Ref. 

17  and  those  are  included  in  the  enumerated  conclusions  and  recom¬ 
mendations  below: 

1.  No  problem  has  been  experienced  in  starting  the  refrig¬ 
erators  in  space.  Hundreds  of  starts  have  been  made  in 
the  LPARL  space  experiment.  The  only  precaution  that 
has  been  taken  is  that  no  given  refrigerator  is  allowed 
to  stand  idle  for  periods  exceeding  one  month. 

2.  Thermal  performance  has  been  as  expected  within  the 
uncertainties  of  the  thermal  load  on  the  refrigerators. 

3.  The  flexibility  of  operation  possible  with  refrigera¬ 
tors  has  permitted  LPARL  to  warm  the  intrinsic  germani¬ 
um  detectors  and  free  them  of  any  substances  cold- 
trapped  on  the  surface.  This  flexibility  is  only  of  use 
for  detectors  that  can  be  warmed,  but  for  such  detectors 
and  surfaces,  the  mechanical  refrigerator,  in  contrast 
to  liquid  or  solid  cryogens,  permits  the  removal  of 
materials  that  freeze-out  on  cryogenic  surfaces. 

4.  The  use  of  two  refrigerators  on  each  detector  has  made 
it  possible  to  cool  the  detectors,  when  desired,  to  a 
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temperature  well  below  that  which  would  cause  degradation 
in  performance.  Thus,  for  gamma  ray  detectors,  the  pos¬ 
sibility  exists  for  determining  the  effects  of  radiation 
damage  and  surface  contamination. 

5.  The  relative  importance  of  the  internal  and  external 
cold  trapping  of  impurities  has  not  been  clearly  es¬ 
tablished.  In  the  APL  life  test  of  S/N  1,  it  was  estab¬ 
lished  that  the  rate  of  performance  degradation  was 
dependent  on  the  purity  of  the  refrigerator  helium  charge. 
But  it  is  not  clear  to  what  extent  the  Philips  improved 
charging  procedures  eliminated  the  problem.  The  long¬ 
time  temperature  degradation  in  orbit  is  less  than  mea¬ 
sured  on  the  APL  laboratory  tests.  This  improvement  in 
performance  could  be  a  consequence  of  a  better  vacuum 
about  the  cold  finger  and  detector  achieved  by  the  LPARL 
experiment  in  space.  As  Ref.  17  points  out,  the  obvious 
method  for  maintaining  a  high  purity  of  helium  gas  in 

the  cold-producing  region  of  the  refrigerator  is  to  iso¬ 
late  that  region  by  bellows  as  originally  designed  into 
these  refrigerators.  The  fact  that  Philips  never  ob¬ 
tained  bellows  without  a  high  probability  of  early  fail¬ 
ure  and  that  the  orbital  performance  has  satisfied  the 
requirements  of  the  experiment  justify  the  decision  to 
omit  the  bellows  from  the  flight  model  refrigerators. 

The  possibility  exists  that  refrigerator  performance 
would  be  Improved  if  reliable  bellows  could  be  obtained. 

6.  Both  the  laboratory  life  tests  and  the  orbital  perform¬ 
ance  show  that  the  principal  contribution  to  the  degra¬ 
dation  in  performance  is  the  loss  of  helium  pressure. 

This  rate  of  helium  loss  (about  0.5  psl/month)  could  be 
eliminated  by  a  redesign  of  the  crankcase  and  the  end 
plate  gas  seals.  Replacing  the  Viton  seals  with  metal 
gaskets,  the  magnesium  crankcase  housing  with  stainless 
steel,  or  (for  a  proven  design  that  did  not  require  dis¬ 
assembly  during  the  testing  and  acceptance  period)  weld¬ 
ing  the  end  plates  to  the  crankcase  would  eliminate  the 
helium  loss  problem. 

The  results  of  the  LPARL  gamma  ray  experiment  are  not  the 
subject  of  this  paper.  However,  as  Ref.  14  reports,  at  the  be¬ 
ginning  of  the  orbital  experlements,  the  resolution  of  Gamma  004 
and  Gamma  003  was  2.7  and  4  keV,  respectively,  at  the  511  keV  an¬ 
nihilation  line.  After  several  months  of  orbital  operation,  the 
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resolution  degraded  but  LPARL  was  able  to  cool  the  detectors  suf¬ 
ficiently  to  assure  that  the  degradation  was  not  caused  by  temper¬ 
ature  Increases  of  the  detector.  Resolution  was  still  much  better 
than  that  obtained  from  a  conventional  cesium  iodide  crystal.  It 
is  reasonable  to  assume  that  LPARL  has  collected  an  amount  of  gamma 
ray  data  with  high  resolution  that  is  unprecedented. 
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Appendix  I,  on  the  following  pages.  Is  a  reproduction  of  the 
final  report  on  the  Stirling  cycle  refrigerators  that  was  prepared 
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SUMMARY 


Six  long-life,  low-power,  miniature  Stirling  cycle  cryogenic 
refrigerators  for  cooling  a  gamma-ray  detector  in  a  satellite 
experiment  were  designed,  fabricated,  tested,  and  delivered. 
Each  refrigerator  is  capable  of  simultaneously  producing  two 
temperatures  of  140®  — >  170®K  on  the  1st  stage  and  77  — > 
90®K  on  the  2nd  stage,  with  heat  loads  of  1.5  W  and  0.3  W, 
respectively.  Total  input  electrical  power  for  each  refriger¬ 
ator  is  less  than  30  W.  The  bodily  displacement  of  the  cold 
finger  with  the  refrigerator  running  was  restricted  to  a 
maximum  of  0.0004"  in  any  direction.  This  result  was  achieved 
by  the  unique  balancing  capabilities  of  the  rhombic  drive.  The 
control  circuitry  provides  three  operating  speeds.  The  total 
weight  of  the  refrigerator  is  15.8  lbs,  which  includes  4  lbs  of 
electronic  hardware.  The  dimensions  of  the  refrigerator  are 
12.08"  X  7.1"  x  6.05".  Flexible  metal  bellows  intended  for 
separating  the  buffer  and  working  volumes  proved  to  be  of 
questionable  reliability  and  were  therefore  not  used.  Based  on 
over  7000  hours  of  maintenance-free  testing  of  the  engineering 
model,  a  life  expectancy  of  8000  hours  is  anticipated. 


FOREWORD 


The  cryogenic  refrigerators  described  in  this  final  report 
were  designed  and  fabricated  at  Philips  Laboratories,  a  Division 
of  North  American  Philips  Corporation,  Briarcliff  Manor,  New 
York  under  the  supervision  of  Mr.  Alexander  Daniels,  Director, 
Mechanical  Research  Systems  Research  Group.  The  Project  Leader 
was  Mr.  Charles  Balas;  Mr.  Balas  also  contributed  to  the  writing 
of  this  report.  Dr.  Richard  C.  Sweet,  Supervisor,  Heat  Pro¬ 
cessing  Laboratory,  was  instrumental  in  fabrication  of  the 
cold  finger  and  piston-rod  assembly.  Mr.  Bruno  Smits,  Chief 
Designer,  aided  in  the  hardware  design.  Fabrication  was  super¬ 
vised  by  Mr.  George  Potanovic,  Assistant  Foreman,  Instrument 
Shop.  Mr.  Eric  Lindale  performed  the  refrigerator  testing  and 
assisted  in  the  development. 

This  contract  from  The  Johns  Hopkins  University,  Applied 
Physics  Laboratory,  was  for  cryogenic  refrigerators  for  a 
satellite  experiment  to  be  conducted  by  Lockheed  Palo  Alto 
Research  Laboratories  and  sponsored  by  the  Defense  Advanced 
Research  Projects  Agency  (DARPA).  Lt.  Col.  George  V.  Bulin  was 
the  DARPA  Program  Manager. 

This  final  report  covers  the  work  performed  between  April  1, 
1973  and  September  30,  1977. 
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.  -  A.  V 


INTRODUCTION 


1 . 

The  Stirling  cycle  is  well  known  as  a  means  of  providing 
refrigeration  at  cryogenic  temperatures.  The  high  thermo¬ 
dynamic  efficiencies  attained  with  this  cycle  have  made  it 
desirable  for  many  applications.  Efforts  to  significantly 
improve  the  operating  characteristics  of  the  Stirling  refriger¬ 
ator  without  forfeiting  its  high  efficiency  were  initiated  with 
this  program,  i.e.,  extend  life  expectancy,  increase  reli¬ 
ability,  and  reduce  vibration. 

The  goal  of  this  program  was  to  design,  fabricate,  test  and 
deliver,  six  long-life,  low-power,  miniature  rhombic-drive 
Stirl ing-cycle  cryogenic  refrigerators.  Four  of  the  refriger¬ 
ators  will  be  used  for  cooling  a  gamma  ray  detector  in  a 
satellite  experiment;  one  will  be  a  spare;  the  other  was 
life-tested  at  Johns  Hopkins  University,  Applied  Physics  Labor¬ 
atory,  Maryland. 

Final  design  parameters  were  derived  by  the  use  of  an  existing 
rhombic-drive  Stirling  refrigerator.  Evaluation  of  individual 
components  was  made  using  both  the  existing  rhombic-drive 
refrigerator  and  a  conventional  crank-throw  refrigerator. 

The  basic  theory  of  the  Stirling  cycle  refrigerator  is  given 
in  Appendix  A.  Other  Philips  advances  incorporated  in  the 
refrigerator,  viz.,  the  efficient  double-expansion  process 
and  the  vibration-free  rhombic  drive,  are  described  in  Append¬ 
ices  B  and  C,  respectively. 
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, 


2. 


DESCRIPTION  OF  REFRIGERATOR 


The  refrigerator  (see  Fig.  1)  is  a  two-stage  Stirling  cycle 

2 

machine  charged  with  helium  to  70  Ib/in  abs.  Two  temper¬ 
atures  are  simultaneously  produced  -  one  for  cooling  a  gamma-ray 
detector  (not  shown)  mounted  on  the  second  stage  flange  of  the 
cold  finger,  and  one  for  cooling  a  radiation  shield  (not  shown) 
coupled  to  the  first  stage  (see  Fig.  2). 

The  radiation  shield  extends  from  the  first  stage  flange  to  a 
point  above  the  detector  location.  A  heat  exchanger  flange  at 
the  base  of  the  cold  finger  provides  location  for  a  heat  con¬ 
duction  plate  (not  shown).  Heat  is  rejected  from  the  flange  at 
a  temperature  of  30°  ->  113°F  during  operation.  The  refriger¬ 
ator  is  designed  to  operate  maintenance-free  for  a  minimum  of 
one  year,  running  continually  or  intermittently.  Three  operat¬ 
ing  speeds  are  available:  800  rpm  for  standby,  1000  rpm  for 
normal  operation,  and  1180  rpm  for  a  more  rapid  cooldown  and  a 
lower  temperature  output. 

The  refrigerator  is  driven  by  two  permanent-magnet,  brushless  dc 
motors  mounted  in  parallel  and  counter  rotating  within  the 
crankcase.  Both  motors  are  synchronized  to  deliver  equal  power 
to  the  dual  crankshafts  of  a  Philips  rhombic  drive  (see  App.  C). 
This  drive  is  designed  to  allow  a  theoretically  perfect  dynamic 
balance  of  the  reciprocating  parts.  The  actual  dynamic  balance 
is  restricted  only  by  the  limits  of  the  dynamic  balancing 
equipment  used. 

The  total  power  input  is  less  than  30  W  with  two  outputs  of 
refrigeration  of  0.3  W  at  77°  ->  90°K  and  1.5  W  at  140°  -> 
170°K.  The  net  vibration  at  the  top  of  the  cold  finger  in  any 
direction  is  less  than  0.00032".  The  refrigerator  weighs 
15.8  lbs;  this  includes  4  lbs  for  an  electronic  control  package 
mounted  on  the  crankcase.  The  overall  dimensions  of  the  re¬ 
frigerator  are  6.05"  x  7.1"  x  12.08". 


3. 


DESIGN  APPROACH 


3 . 1  General 

The  basic  approach  to  the  design  of  this  refrigerator  was 
to  conduct  thermodynamic  and  mechanical  analytical  studies  to 
optimize  all  parameters.  An  existing  rhombic-drive  Stirling- 
cycle  refrigerator  was  modified  and  used  as  a  test  machine  for 
evaluating  design  changes.  A  second  Stirling  cycle  refrigerator 
with  a  conventional  crank-throw  drive  was  used  to  evaluate  those 
component  parts  that  would  have  to  be  optimized. 

The  major  design  trade-offs  considered  were: 

.  Refrigeration  produced  versus  design  variables  such 
as:  charge  pressure,  pressure  ratio,  displacer  stroke, 

mass  and  specific  heat  of  cold  parts,  overall  structure 
of  the  regenerators  and  cold  finger,  and  overall 
efficiency  of  the  refrigerator. 

.  Vibration  of  the  cold  finger  due  to  cyclic  pressure 
variations  of  the  working  gas  versus  heat  transfer 
losses  due  to  conduction  along  the  cold  finger  and 
versus  charge  pressure  which  influences  both  cycle 
efficiency  and  bearing  life. 

.  Size  and  weight  versus  efficiency. 

In  addition,  the  following  design  areas  were  investigated: 

.  Efficiency.  All  components  of  the  test  refrigerator 
were  analyzed  to  optimize  overall  efficiency. 

.  Life  and  Reliability.  Performance  and  component 
failure  data  from  the  existing  refrigerators  were 
reviewed.  Existing  refrigerator  components  that  had 
failed  or  contributed  towards  failures  were  either 
redesigned  or  replaced,  i.e.,  bearings,  seals,  piston 
rings,  drive  motors. 

•  Refrigeration .  Increase  the  thermodynamic  efficiency 
by  reducing  friction  losses;  minimize  the  heat  capacity 
of  the  cold  parts  without  allowing  pressure- induced 
vibration  of  the  cold  finger;  reduce  gas  pressure 
losses  past  working  seals  to  increase  compression. 

.  Contamination .  Evaluate  flexible  metal  bellows  to 
isolate  contamination  from  the  working  volume. 


The  in-house  rhombic-drive  refrigerator  was  originally  con¬ 
structed  for  analytical  studies.  By  modifying  the  cold  finger 
and  regenerators  to  simulate  the  flight  model  cooler,  an  in¬ 
dication  of  component  reliability  was  established. 

Testing  was  conducted  to  determine  as  many  ways  as  possible 
of  increasing  efficiency  and  subsequently  extending  life  ex¬ 
pectancy.  The  focal  points  of  the  tests  were  the  evaluation  of 
piston  and  displacer  seals,  low  vapor-pressure  grease,  low 
heat-conducting  materials,  flexible  metal  bellows,  and  perfor¬ 
mance  . 

Obviously  the  time  required  to  test  all  these  items  using  a 
single  unit  would  be  extensive;  therefore,  various  tests  were 
conducted  simultaneously.  By  combining  the  performance  testing 
with  the  grease  evaluation  and  the  displacer  seal  test  (using 
the  in-house  cooler),  some  freedom  was  gained  to  permit  testing 
of  other  components  by  other  means. 

The  piston  ring  test  was  performed  with  an  existing  compressor 
unit  having  a  conventional  crank-throw  drive.  A  duplicate  of 
the  flight-model  drive  mechanism  was  constructed  to  act  as  a 
bellows  tester.  An  experimental  setup  was  constructed  to 
determine  the  thermal  conductance  between  the  heat  rejection 
flange  and  the  two  expansion  stages  of  the  finger.  Tests  were 
performed  to  verify  the  analytical  prediction  of  the  effective 
thermal  conductivity  of  the  1st  and  2nd  stages  of  the  cooler 
cold  section.  The  tests  were  terminated  after  it  was  shown  that 
the  predicted  and  true  conductance  values  both  lay  in  a  band 
’.‘ss  than  +  20%  wide. 

'  .  j  Performance  of  In-house  Cooler 

<  ‘no  first  flight  model  was  still  being  fabricated  during 
:  •  nt  testing,  some  estimates  were  used  where  specific 


values  were  unknown.  The  size  and  weight  of  the  flight  model 
is  slightly  greater  than  the  design  goal,  but,  as  a  result,  the 
efficiency  is  considerably  higher. 

The  higher  speed  of  1000  rpm  was  selected  over  the  original  600 
rpm  because  the  cooler  performance  is  less  sensitive  to  small 
variations  in  the  quality  of  the  dynamic  sealing.  Therefore,  at 
1000  rpm  a  more  reliable  cooler  and  a  more  stable  performance  is 
obtained . 

The  characteristics  of  the  in-house  cooler  and  the  specifi¬ 
cations  of  the  flight  model  are  given  in  Table  1.  The  thermal 
performance  results  given  in  Table  2  are  for  bench  operation  of 
the  in-house  cooler.  Table  1  shows  the  temperature  range  of  the 
in-house  cooler  for  the  heat  rejection  temperatures  shown.  The 
performance  temperature  range  is  also  influenced  by  wear  of  the 
dynamic  seals  of  the  piston  and  displacers  and  possibly  by  the 
effect  of  debris  collecting  on  the  seals  (causing  improper 
seating).  Further  variation  in  performance  includes  the  effects 
of  small  pertubations  in  charge  pressure  and  the  addition  of  a 
radiation  shield  coupled  to  the  1st  expansion  stage  and  partial¬ 
ly  covering  the  2nd  expansion  stage. 

Table  2  shows  the  best  room- temper ature ,  bench  performance 
of  the  in-house  cooler.  The  dynamic  seals  were  optimized  and 
properly  seated.  With  no  degradation,  this  is  the  best  perfor¬ 
mance  to  be  expected  from  the  flight-model  cooler.  Performance 
at  two  off-design  points  are  also  shown,  and  there  is  close 
correlation  with  the  off-design  performance  previously  predicted 
in  the  performance  maps  for  500  and  700  rpm  (600  rpm  being  the 
previous  design  speed).  It  should  be  noted  that  with  the 
radiation  shield  coupled  to  the  1st  expansion  stage,  the 
heat  load  on  that  stage  is  slightly  greater  than  that  indicated. 
The  additional  loading  on  both  stages  due  to  thermocouple  and 
heater  leads,  although  quite  low,  is  also  not  included  in  the 
tables.  Neither  the  cold  end  nor  the  vacuum  dewar  around  it  are 
gold  plated,  and  both  emissivities  are  considerably  greater 
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COMPARISON  OF  FLIGHT  MODEL  SPECIFICATIONS  AND  IN-HOUSE  COOLER  CHARACTERISTICS 


designed  to  meet  spec 


COMPARISON  OF  FLIGHT  MODEL  SPECIFICATIONS  AND  IN-HOUSE  COOLER  CHARACTERISTICS.  (Cont’d) 
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TABLE  2:  OPTIMUM  ROOM-TEMPERATURE  PERFORMANCE  OF  IN-HOUSE  COOLER  AT  THREE  OPERATING  SPEEDS,  WITH 
DESIGN  AND  REDUCED  CHARGE  PRESSURE,  AND  WITH  AND  WITHOUT  A  RADIATION  SHIELD  COUPLED  TO  THE  1ST 
EXPANSION  STAGE. 


than  those  expected  for  the  flight-model  cooler.  The  resulting 
radiation  heat-load  on  the  cold  end  of  the  cooler  is  also  not 
included.  Since  these  additional  loads  are  not  included  in 
Tables  1  and  2,  the  reported  thermal  performance  values  are 
conservative . 


3.2.3  Bench  Tests 

Figure  3  illustrates  the  bench  setup  for  the  in-house  cooler 
tests.  The  instrumentation  and  equipment  used  were; 

•  dc  ammeter  and  voltmeter  to  measure  voltage  and  current 
to  drive  motors. 

•  Semiconductor  pressure  transducer  to  monitor  working  gas 
pressure . 

•  dc  power  supply  with  ammeter  and  voltmeter  for  transduc¬ 
er  bridge  excitation. 

•  Storage  oscilloscope  to  observe  working-gas  pressure 
wave  from  transducer. 

•  Stroboscope-tachometer  to  measure  speed. 

•  Two  sets  of  dc  power  supplies,  voltmeters  and  ammeters 
to  measure  voltage  and  current  to  the  two  electric 
heaters  on  the  expansion  stages  of  the  cold  end. 

•  Two  chromel  alumel  thermocouples  soldered  to  the  two 
expansion  stages  of  the  cold  end. 

•  Ice  point  reference  to  create  a  fixed-temperature, 
reference  junction  for  the  thermocouples. 

•  Millivolt  potentiometer  to  measure  thermocouple  emf . 

•  Vacuum  station  to  evacuate  dewar  surrounding  cold 
finger. 

•  Fan  to  cool  heat  exchanger  when  temperature  of  heat 
exchanger  exceeds  113®F. 


3.2.4 


Test  Procedure 


The  test  procedure  for  the  in-house  cooler  is  described  in 
the  following  paragraphs: 


The  thermocouples  were  calibrated  at  77®K  by  removing  the  cold 
finger  from  the  cooler  and  filling  the  finger  with  liquid 
nitrogen  (the  dewar  cavering  the  outside  of  the  finger  is 
evacuated  to  about  10~  mm  Hg ) .  When  the  potentiometer  in¬ 
dicated  a  stable  reading,  the  emf  value  was  compared  with  that 
expected  at  77*F  and  any  discrepancy  noted  so  it  could  be 
applied  to  the  data  to  be  taken. 

With  the  crankcase  charged  with  helium  to  35  psig,  the  working- 
gas  side  was  purged  about  30  times,  from  maximum  pressure  to 
about  10  psig.  At  this  time,  the  pressure  transducer-oscillo¬ 
scope  system  was  calibrated  with  a  standard  test  gauge.  After 
purging  was  completed,  the  crankcase  pressure  was  increased  to 
the  same  value  as  the  working  gas  pressure. 

With  the  cooler  operating,  the  oscilloscope  was  used  to  observe 
the  pressure  transient  of  the  working  gas.  Speed  was  accurately 
measured  by  synchronizing  the  stroboscope-tachometer  with  the 
drive  mechanism  which  is  visible  through  the  plexiglass  cover- 
plate  on  the  front  of  the  crankcase.  Speed  changes  were  made  by 
adjusting  the  voltage  applied  to  the  drive  motors.  Motor  power 
was  calculated  using  the  voltage  and  current  values  obtained  for 
the  drive  motors.  Cooler  shaft  power  was  obtained  by  using  the 
motor  efficiency  data  available  from  the  motor  calibration  data. 
This  data  was  generated  in-house  by  using  precision  miniature 
dynamometers . 

The  vacuum  station  was  maintained  at  about  10~^  mm  Hg  to 
insure  that  the  vacuum  around  the  cold  finger  was  at  least 
10  mm  Hg.  If  the  heat  exchanger  temperature  exceeded  113°F, 
a  fan  was  used  to  reduce  the  temperature  to  113®F  or  lower. 

A  potentiometer  with  a  reference  junction  was  used  to  measure 
the  expansion-stage  temperatures.  Heat  loads  were  applied  to 
the  two  expansion  stages  by  electric  heaters  soldered  to  them. 
The  magnitudes  of  these  loads  were  accurately  measured  with  the 
voltmeters  and  ammeters  in  the  heater  circuits.  The  heaters, 
heater  leads  and  thermocouple  leads  are  shown  in  Figure  4.  The 
thin,  polished-brass,  radiation  shield  used  in  some  tests  is 
shown  in  Figure  5  coupled  to  the  1st  expansion  stage. 
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Figure  4:  In-house  cooler  with  dewar  removed 

and  instrumented  cold  finger. 
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3.2.5  Metal  Bellows 


Contamination  of  the  working  gas  in  the  cold  finger  region  is  a 
major  obstacle  in  all  types  of  cryogenic  coolers.  Various 
methods  have  been  employed  to  eliminate  or  at  least  reduce  the 
contamination,  e.g.,  dry  lubrication  on  bearing  surfaces; 
rolling  diaphragms  between  the  working  volume  and  the  buffer 
volume;  and  low  vapor  pressure  lubrication. 

Dry  lubrication  was  rejected  because  particles  could  migrate  up 
into  the  regenerators  and  create  a  blockage,  or  adhere  to 
critical  surfaces  and  increase  heat  leakage. 

Rolling  diaphragms  were  not  practical  for  a  space  application 
since  the  oil  system  could  not  be  guaranteed  to  maintain  pres¬ 
sure.  Another  disadvantge  of  the  rolling  diaphragm  is  the 
permeability  of  the  material  which  would  permit  a  loss  of  helium 
pressure  and,  therefore,  require  an  additional  replenishing 
supply  tank. 

An  alternative  to  the  diaphragm  was  to  use  flexible  metal 
bellows.  To  evaluate  their  potential,  a  duplicate  of  the 
in-flight  cooler  was  constructed  with  two  metal  bellows  in¬ 
stalled  one  inside  the  other  beneath  the  piston.  The  inner 
bellows  was  connected  to  the  displacer  rod;  the  other  end  was 
connected  to  the  inside  of  the  piston  rod.  The  large  bellows 
were  soldered  at  one  end  to  the  piston  rod,  and  the  other  end 
was  coupled  to  the  lower  section  of  the  cylinder  wall. 

Testing  of  the  first  pair  of  bellows  began  March  6,  1975  with  a 
starting  speed  of  1200  rpm  which  was  increased  to  3750  rpm  after 
3  hours.  A  total  of  4.8  x  10^  cycles  were  completed  before 
the  small  inner  bellows  failed. 

Servometer  Corp.  supplied  new  bellows  for  evaluation.  To 
determine  the  uniformity  of  the  nickel  deposition  of  the  bel¬ 
lows,  they  were  potted  and  sectioned  for  metal lographi c  ex¬ 
amination. 


with  reference  to  the  photomicrographs,  the  results  were: 

•  The  thickness  of  the  outer  convolution  is  nearly  twice 

that  of  the  inner  (Fig.  6). 

•  Machine  tool  marks  on  the  mandrel  resulted  in  consider¬ 

able  roughness  on  one  side  of  the  inner  convolution 
( Fig.  7a) . 

•  There  is  an  offset  between  the  radius  curvature  of  the 

inner  convolution  and  the  web.  This  seems  to  be  a 
common  point  of  failure  in  service  (Fig.  7b). 

•  The  copper  deposit  is  well  centered. 

Microscopic  examination  of  the  failed  area  indicated  serious 
structural  flaws  in  the  deposition  material.  To  combat  this, 
production  techniques  were  altered  to  produce  a  more  uniform 
deposition  of  material  with  less  stress  points. 

The  new  modified  bellows  were  installed  in  the  test  unit  and 
testing  re-started  on  August  16,  1975  at  a  speed  of  2250  rpm  and 
gradually  increased  to  3000  rpm  with  a  charge  pressure  above 
the  bellows  of  25  psi.  This  test  continued  until  February  2, 

p 

1976  when  5.256  x  10  cycles  were  completed. 

At  this  point,  the  unit  was  dismantled  and  examined  for  wear. 
The  longer  crankshaft  was  worn  0.004"  on  the  diameter  of  the 
main  bearing  location,  indicating  that  the  inner  bearing  had 
been  revolving  around  the  crankshaft.  To  salvage  the  shaft,  the 
bearing  location  diameter  was  further  reduced  and  a  hardened 
steel  sleeve  shrunk  to  the  ground  surface.  The  sleeve  was  then 
ground  to  suit  the  ID  of  a  new  bearing,  and  the  unit  was  then 
reassembled.  Testing  was  continued  until  October  13,  1976 
without  any  further  problems.  The  two  combined  runs  were 
equivalent  to  two-years  operation  at  1000  rpm.  The  compression 
ratio  above  the  piston  was  1.87:1  with  40  psia  of  helium  above 
the  bellows. 

A  second  series  of  bellows  were  installed  and  ran  for  3.0  x 
10®  cycles  before  the  inner  bellows  failed.  Figure  8  shows 
the  bellows  and  related  components  of  the  drive. 
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Figure  7  : 
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Figure  8:  Bellows,  piston  and  displacer  rods  with  cylinder. 

3.2.6  Lubrication 

It  became  obvious  that,  in  order  to  select  reliable  bellows  for 
use  in  the  refrigerator,  a  number  of  special  test  units  would 
have  to  be  constructed.  Such  testing  would  consume  a  great  deal 
of  time  without  any  assurance  that  the  total  number  of  good 
bellows  required  would  ever  be  achieved. 


This  situation  was  negated  when  an  analysis  of  a  low  vapor 
pressure  grease  (Krytox  240AD)  was  conducted  at  JHU/APL.  The 
results  indicated  that  any  outgassing  of  the  grease  due  to 
elevated  temperatures  would  have  little  or  no  effect  on  the 
performance  of  the  refrigerators. 

In  support  of  the  analysis  conducted  at  JHU/APL,  two  types  of 
Krytox  grease  were  tested  at  PL.  One  was  Krytox  240  ADj  the 
other  was  Krytox  260  AC  (made  from  Krytox  240  AD  with  5%  M0S2 
plus  an  inhibitor).  Both  types  were  subjected  to  110®C  for  a 
period  of  two  weeks;  at  the  end  of  this  time  the  Krytox  260  AC 
exhibited  a  separation  of  oil  from  the  base  grease,  whereas  the 
appearance  of  the  Krytox  240  AD  remained  unchanged. 


Due  to  the  favorable  results  obtained  by  both  investigations  of 
the  grease,  a  more  realistic  test  was  prompted  in  the  form  of  a 
working  unit.  The  test  unit  was  the  same  one  described  in  Par. 
3.2.1.  All  bearings  of  the  unit  were  packed  with  a  30%  fill  of 
the  Krytox  240  AD  in  an  effort  to  determine  if  the  grease 
permeated  to  the  cold  region  during  operation.  After  23  days  of 
continuous  running,  the  unit  was  stopped  and  dismantled. 
Examination  of  the  second  stage  displacer  showed  an  amount  of 
Rulon  debris  from  the  seals  and  a  small  deposit  of  the  grease. 
A  contributing  factor  in  the  loss  of  grease  from  the  bearings 
was  that  none  of  the  bearing  contained  shields  or  retainers. 

The  fact  that  the  bellows  were  rejected  as  part  of  the  design 
did  not  eliminate  them  completely.  It  was  felt  that,  if  bellows 
of  a  better  design  with  a  more  dependable  life  can  be  obtained, 
a  longer  lasting  refrigerator  would  emerge.  Should  such  bellows 
become  available,  the  option  of  retrofitting  them  is  still 
possible. 

3.2.7  Cold  Finger  Conduction 

Initial  predicted  heat  conduction  between  the  heat  exchanger 
flange  at  300‘*K  and  the  1st  stage  expansion  flange  at  210®K  was 
0.0049  W/K® .  The  predicted  conductance  between  the  1st  expans¬ 
ion  stage  at  140®K  and  the  2nd  expansion  stage  at  77®K  was 
0.0012  W/K®.  The  predicted  conductance  between  the  1st  and  2nd 
expansion  stage  was  0.0017  W/K®  with  the  temperatures  at  210®K 
and  140®K.  These  predictions  were  based  on  projected  values  and 
on  tests  which  indicated  an  error  band  of  <  +  20%. 

The  experimental  setup  for  verifying  the  analytical  prediction 
of  the  cold-end  thermal  conductance  is  shown  in  Figure  9;  a 
schematic  of  the  experiment  is  shown  in  Figure  10.  Figure  9 
shows  an  actual  cold  end  (including  regenerator  and  displacer) 
of  a  refrigerator  pressurized  with  helium  and  coupled  to  the 
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Figure  9;  Two  views  of  apparatus  for  measuring 
thermal  conductance. 
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Figure  10:  Schematic 
of  experiment  for 
measuring  steady- 
state  thermal  con¬ 
ductance  . 


experimental  setup  —  all  of  which  were  installed  in  a  vacuum 
chamber.  Electric  power  was  dissipated  at  the  heat  exchanger 
end.  The  expansion  stage  end  was  kept  at  a  low  temperature 
(usually  at  77®K  by  circulating  liquid  nitrogen  through  it)  and 
served  as  a  low  temperature  sink.  The  high-conductivity  radia¬ 
tion  shield  surrounding  the  finger  was  kept  at  a  predetermined 
temperature  by  coupling  it  to  the  low  temperature  sink  via 
heat-leak  wires.  Four  temperatures  were  monitored:  the  am¬ 
bient,  the  heat  exchanger,  the  radiation  shield,  and  the  expans¬ 
ion  stage  flange. 

Two  types  of  steady-state  tests  were  performed:  one  yielded  a 
value  of  X,  thermal  conductance,  greater  than  the  true  value; 
the  other  yielded  a  lower  value.  In  the  first  type,  the  temper¬ 
ature  of  the  heat  exchanger  was  kept  higher  than  the  ambient 
temperature.  The  temperature  of  the  radiation  shield  around  the 
cold  finger  was  kept  low  enough  to  ensure  a  net  transfer  of  heat 
energy  out  of  the  cold  finger  to  the  surrounding  shield.  Under 
these  conditions,  the  measured  electric  power  delivered  to  the 
heat  exchanger  would  be  sufficient  to  supply  the  losses  from  the 
heat  exchanger  to  the  ambient  and  from  the  cold  finger  to  the 
shield.  Therefore,  the  calculated  value  of  the  thermal  con¬ 
ductance,  defined  below,  will  be  greater  than  the  true  value. 

.  _  electric  power  supplied  to  heat  exchanger _ 

(heat  exchanger  temp.)  -  (expansion  stage  temp.) 

In  a  similar  manner,  a  value  of  X  less  than  the  true  value  can 
be  obtained.  This  is  accomplished  by  maintaining  the  heat 
exchanger  at  a  temperature  lower  than  ambient  and  maintaining 
the  radiation  shield  at  a  temperature  high  enough  to  insure  a 
net  trasfer  of  heat  energy  into  the  cold  finger. 

As  mentioned,  the  experiment  was  refined  until  a  band  of  +  20% 
around  the  true  X  was  established.  The  test  results  were  used 
to  predict  the  thermal  conductance  of  the  cold  end  of  the  flight 
model,  whose  cold  end  is  slightly  different  from  that  used  in 
this  experiment. 


3.2.8  Piston  _Rj^n  <)  i. 

To  evaluate  the  putL-ntia!  of  a  piston  r  i  mj  of  single-piece 
contruction,  a  g  1  ass- 1  i  L  ir“d  !r,ol  Yodenuia  disulfide  Teflon  Bal  seal 
was  installed  in  a  conventional  crank-throw  refrigerator,  but 
without  a  regenerator  or  coldfinger;  in  their  place  a  pressure 
plate  covered  the  cylinder  with  a  duplicate  compression  volume 
above  the  piston  head  (Fig.  11). 

To  accumulate  any  significant  data,  the  test  unit  was  accelerat- 

9 

ed  to  3500  r  pm  and  was  stopped  after  2.278  x  10  cycles.  To 

support  these  results,  a  similar  ring  was  installed  in  the 

9 

bellows  tester.  This  piston  ring  accumulated  4.556  x  10 
cycles  or  2  years  at  1000  rpm  and  still  produced  a  compression 
ratio  of  1.62:1.  Fxamination  of  the  ring  suggested  it  still  had 
a  considerable  amount  of  life. 


r  i  a  u  !  (.'  1  1  :  Pt  iv<-  and  comp  i  a  c ;;  o  r  used  for 

tc.stiiiq  i‘i:-.fiin  i  i  nq  anfi  qicase  retention 
o  t  be  1  r  1  q  •:  . 
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To  ensure  that  gas  is  shuttled  back  and  forth  through  the 
regenerators  and  not  through  the  annulus  netween  the  displacers 
and  the  cold  finger,  a  seal  is  mounted  on  the  lower  section  of 
each  displacer.  A  Bal  seal  is  mounted  on  the  first  stage 
displacer,  while  a  solid  Rulon  band  provides  the  sealing  medium 
for  the  second  stage. 


A  Bal  seal  was  tested  on  the  2nd  stage  displacer,  but  testing 
showed  that  the  seal  froze  when  subjected  to  the  145“K  cold 
production.  This  condition  resulted  in  either  the  seal 
shrinking  (allowing  gas  blow-by)  or,  more  severely,  expanding 
(scoring  the  inside  of  the  cold  finger). 


3 . 3  Test  Conclusions 

The  test  results  indicated: 

•  Brush-type  dc  motors  were  not  recommended  because  of 
debris  generated  by  brush  wear. 

•  External  motor  mounting  created  gas  leakage  problems. 

Step- joint  piston  rings  allowed  excessive  gas  blow-by, 
resulting  in  compression  loss. 

•  Heat-conducting  materials  affected  performance  efficiency. 

•  The  reliabilty  of  flexible  metal  bellows  was  questionable. 

•  Ball  bearings  were  not  heavy  enough  for  the  life  expectancy. 

•  Static  balance  of  the  moving  parts  was  inadequate. 

•  A  2nd  stage  Bal-seal  was  not  practical  due  to  the  seal 
freezing . 

The  above  findings  resulted  in  the  following  design  changes: 

•  High-efficiency  brushless  dc  motors  with  Hall-effect 
sensing  devices  were  selected  and  mounted  within  the 
crankcase  envelope. 

•  The  step  joint  piston  rings  were  replaced  by  single-piece 
glass-filled  Teflon  Bal-seals. 
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•  Low  conductivity  materials  were  iseJ  wherever  practi:  1  '.o 
increase  efficiency. 

•  Flexible  metal  bellows  were  omitted  from  the  final  design 
(option  is  still  available  to  retrofit  bellows  at  any  time) 

•  Ball  bearings  were  increased  in  size  to  give  longer  life 
with  higher  reliability. 

•  A  dynamic  balance  as  well  as  a  static  balance  was  perform¬ 
ed  on  the  moving  parts  to  reduce  vibration  (see  Appendix  C) 

•  A  solid  band  of  Pulon  was  fitted  to  replace  the  2nd  stage 
Bal  seal. 


The  final  design  parameters  are  given  in  Tables  3  and  4. 
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TABLE  3:  GENERAL  LESION  CHARACTERISTICS. 

Value 


Input  power 
Cold  production 
Shaft  speed 
Working  fluid 
Mean  pressure 
Piston  stroke 
Swept  volume 

Heat  rejection  temperature 
Thermodynamic  phase  (volume) 
Mechanical  phase  angle 
Displacer  stroke 


<  3U  W 

0.3  W  H  77»K  and  l.S  W 
1000  rpm  +  200  rpm 
Helium 
4.B  atm 

0.2198  in  (7.5692  mm) 
0.4425  in^  (7.2525  cm^ ) 
20»F  -  113®F 
92.6“ 

74.46“ 

0.298  in.  (7.5692  mm) 


TABLE  4:  COMPONENT  DESIGN  CHARACTERISTICS. 


Value 


Number  of  regenerators 

1st  stage  regenerator: 

Diameter 

Length 

Filling  factor 
Wire  diameter 

Displacer  body  thermal  conductivity 
(NEMA  G-7) 

2nd  stage  regenerator: 

Di ameter 
Length 

Filling  factor 
Wire  diameter 

Displacer  body  thermal  conductivity 
(2.5  Sn,  5  Al) 

Pistons : 

Number 
Diameter 
Pj'id  diameter 

;  ’ac'-r-  r -1'^  diameter 


0.566 

in. 

( 14. 376 

mm) 

1.953 

in. 

(49.6062 

mm) 

42% 

0.004 

in. 

(0.1016 

mm) 

0.003 

W/cm 

^/“K 

0.3065 

in. 

(7.7851 

mm ) 

1.277 

in. 

(32.4358 

mm ) 

42% 

0.0026 

in. 

(0.0660 

mm) 

0.08  W/cm^ 

/“K 

1 

1.375 

in. 

(34.925 

mm) 

1.156 

in. 

(29. 3624 

mm) 

0.157 

in. 

( 4. 445  mm) 
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FABRICATION  AND  ASSEMBLY 


All  parts  of  the  refrigerator,  with  thf  exception  of  the  r.idrik- 
case  and  the  dc  drive  motors,  were  fabricated  at  Philips  Lab¬ 
oratories.  The  crankcases  are  sand-cast  magnesium  produci^u  by 
Control  Casting  Corp.,  Plainview,  New  York.  The  permanent 
magnet  brushless  dc  motors  were  custom-built  by  Herbert  C. 
Rotors,  Plainview,  New  York.  Each  finished  part  was  etctied  for 
identification  and  boxed  with  its  mating  components  so  that  the 
parts  of  the  various  refrigerators  could  not  be  interchanged. 
The  reason  for  separating  each  refrigerator's  parts  was  because 
the  moving  parts  of  each  mechanism  were  accurately  weighed  ir 
preparation  for  dynamic  balancing  of  the  drive.  By  performing 
dynamic  balance  of  the  moving  parts,  vibration  of  the  operating 
refrigerator  is  virtually  eliminated.  Balancing  procedures  are 
given  in  Appendix  C. 

4 . 1  Materials 

Because  of  its  low  density,  magnesium  was  used  for  the  crankcase 
and  coverplates.  The  cylinder  was  constructed  of  304  stainless 
steel  with  a  Nitralloy  liner  hardened  to  Rc  64.  The  heat 
exchanger  flange  was  machined  from  CRES  304,  with  an  inner 
sleeve  of  hardened  440C  steel.  The  thin  sidewalls  of  the  cold 
finger  were  made  of  titanium  5Al-2.5Sn,  as  was  the  second  stage 
regenerator  shell,  because  of  the  low  thermal  conductivity  and 
strength  of  titanium.  The  1st  stage  regenerator  shell  was 
constructed  of  woven-glass  fabric  silicone  laminate  because  of 
the  exceptionally  low  thermal  conductivity. 

Copper  was  used  for  the  freezer  cap  on  the  second  stage  of  the 
cold  finger  and  for  the  flange  of  the  1st  expansion  stage. 

The  connecting  links  were  made  of  AISI  416  stainless  steel;  the 
displacer  rod  was  made  from  hardened  440C  steel;  the  crankshafts 
and  the  extension  displacer  flex-rod  wire  were  made  from  416 
stainless  steel;  and  both  yokes  were  made  from  2024  aluminum. 


Five  ball  bushings  were  incorporated  into  the  refrigerator:  two 
in  tandem  inside  the  piston  rod  to  guide  the  displacer  rod;  two 
in  parallel  in  the  piston  yoke  to  give  support;  and  one  in  the 
lower  crankcase  housing  to  guide  the  extension  displacer  rod. 

Beneath  the  1st  stage  displacer  is  an  extension  displacer 
(referred  to  as  the  dummy  displacer)  made  of  2024  aluminum  which 
is  screwed  onto  the  displacer  rod.  Within  the  body  of  the 
extension  displacer  is  a  flexible  support  rod  which  deflects  to 
compensate  for  any  misalignment  between  the  displacer  rod  and 
the  two-stage  displacer. 

The  1st  stage  displacer  is  made  of  woven-glass  fabric  silicone 
laminate  and  filled  with  layers  of  phosphor  bronze  mesh.  The 
2nd-stage  displacer  is  made  of  thin  wall  titanium,  also  with 
a  fill  of  phosphor  bronze  mesh.  Depending  on  the  required  cold 
production  of  the  refrigerator,  the  size  of  the  mesh  and  the 
fill  factor  of  the  displacer  can  be  tailored  to  meet  different 
requirements . 

Two  pressure  sensors  are  mounted  to  the  refrigerator.  A  Kulite 
pressure  transducer  is  isolated  inside  the  crankcase  and  secured 
to  the  right-hand  stator  clamp  ring.  The  transducer  is  activat¬ 
ed  by  10  Vdc  and  rated  for  100  psig  with  a  maximum  pressure  of 
200  psig.  The  second  sensor  is  a  strain  gauge  mounted  external¬ 
ly  on  the  buffer  tank  wall.  The  buffer  tank  is  a  cylinder 
capped  at  one  end  with  a  fill  valve  on  the  other.  A  section  of 
the  tank  wall  is  reduced  in  thickness  to  0.030",  so  that  the 
strain  gauge  mounted  on  the  thin  wall  responds  to  pressure 
variations  that  flex  the  wall.  The  inner  volume  of  the  tank  is 
joined  to  the  base  of  the  cylinder  by  a  short  stainless  steel 
tube,  and  provides  extra  dead  volume  beneath  the  piston  head. 
The  extra  volume  allows  for  metal  bellows  which  can  be  added  to 
the  piston  and  displacer  rods.  The  bellows,  which  can  be 
retrofitted  to  the  refrigerator,  form  a  barrier  between  the 
crankcase  volume  and  the  working  volume  above  the  piston  to 
prevent  possible  contaminants  from  reaching  the  regenerators. 
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All  finished  components  of  the  refrigerator  were  altrascnically 
cleaned  using  solvents  prior  to  assembly.  The  assembly  was 
performed  within  a  laminar  flow  hood  to  maintain  cleanliness 
of  the  parts.  Each  finished  part  was  handled  by  personnel 
wearing  lint-free  gloves;  every  effort  was  made  to  eliminate 
dirt  particles  from  the  components. 

4 . 2  Crankcase 

The  total  weight  of  the  refrigerator  was  not  severely  restricted; 
however,  the  use  of  steel  or  similarly  heavy  metal  for  the  outer 
envelope  would  increase  the  weight  of  the  refrigerator  exces¬ 
sively.  The  crankcase  and  cover  plates  were  formed  of  die  cast 
magnesium,  thereby  holding  the  total  weight  at  an  acceptable 
level . 

The  rough  casting  cover  plates  were  machined  to  size,  and  the 
"0"  ring  groove  in  each  plate  was  polished.  The  crankcase 
casting  (Fig,  12)  was  rough-machined  with  only  the  "0"  ring 


Figure  12:  Crankcase  casting. 


30 


grooves  polished  and  reduced  to  their  final  dimensions.  Since 
the  uniform  density  of  soft  die  cast  materials  cannot  be  quatran- 
teed  bi  most  suppliers,  the  castings  were  impregnated  with  a 
sealant  (Dow  17)  to  eliminate  porosity. 

Critical  surfaces,  such  as  those  of  the  motor  housings,  the 
interfaces  for  the  rhombic  drive  enclosure,  and  the  cylinder 
were  left  unfinished  so  that  any  distortion  of  the  casting 
during  the  impregnation  treatment  would  not  affect  final  ma¬ 
chined  sizes.  These  remaining  unfinished  surfaces  required 
extremely  close  machining  tolerances  to  ensure  that  mating 
components  of  the  crankcase  were  located  correctly  (Fig.  13). 
The  cumulative  effect  of  any  machining  errors,  outside  the 
tolerances,  could  reach  a  point  where  correct  internal  alignment 
of  the  refrigerator  is  not  possible. 

The  two  dc  motor  stator  windings  are  housed  in  the  crankcase  and 
secured  by  a  locking  collar.  Each  collar  is  fastened  in 
place  with  four  screws  tightened  into  the  crankcase  inner  face. 
Since  all  six  crankcases  were  impregnated  with  sealant  and 
machined  to  size  consecutively,  it  was  not  apparent  (initially) 
that  a  problem  existed  between  the  casting  dimensions  and  the 
crankcase  material  available  for  machining.  The  depth  of  the 
screw  holes  was  excessive;  as  a  result,  the  tapping  drill  used 
for  the  holes  broke  through  the  castings  wall.  It  was  felt  that 
the  time  required  to  manufacture  new  castings  and  to  finish- 
machine  the  crankcase  would  prolong  the  delivery  date. 

To  stay  within  the  delivery  schedule,  an  attempt  was  made  to 
cover  the  breakthrough  holes  with  a  run  of  magnesium  weld.  The 
weld  was  not  successful  in  sealing  the  hole,  although  the 
magnesium  crankcase  readily  accepted  the  weld.  A  second  atterpt 
was  made  using  threaded  magnesium  plugs  (Fig.  14)  coated  with 
"Bondmaster"  777  epoxy  and  screwed  down  into  the  base  of  the 
^nle.  A  ctainless-steel,  threaded  stud  was  screwed 
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Part  No 


Parts  List  for  Figure  13 


Item  No.  Part 


1 

Rhombic  drive 

5941 

2 

Piston  rod 

5956 

3 

Piston 

9342 

4 

Displacer  rod 

7517 

5 

Cylinder 

5959 

6 

Piston  yoke 

7475 

7 

Counterweights 

7524 

8 

Crankshafts 

5952 

9 

Connecting  rods 

9343 

10 

Displacer  yoke 

7476 

11 

Displacer  yoke  weights 

9369 

12 

Timing  gears 

9491 

13 

Extension  displacer  rod 

9233 

Not  Shown 

Cold  finger  assembly 

5935 

<*  U 

Displacer/regenerator  assembly 

5933 

It  tl 

Crankcase 

5304 

(Sheet  2  of  2) 


33 


4-40 1  HO 


300  DIA 


VITON  0-RING 
GROOVE 
tf  I43V047 


6-40THD 


Fiqure  14:  Crankcase  pluqs. 

in  behind  the  magnesium  plug  and  secured  with  a  high  density 
epoxy  produced  by  the  3M  Company.  The  crankcase  was  inserted 
into  an  oven  to  bake  cure  the  epoxy  for  40  minutes  at  250°F. 

To  check  the  effectiveness  of  the  epoxied  plugs,  the  open  faces 
of  the  crankcase  were  covered  and  the  crankcase  pressurized  to 
90  psig  with  helium.  The  crankcase  was  then  installed  in  an 
environmental  chamber  and  the  temperature  cycled  between 
-  SO^F  to  +  180®F.  The  crankcase  was  then  leak-checked  using  a 
mass  spectrometer  leak  detector.  With  no  evidence  of  a  helium 
leak,  each  crankcase  was  repaired  and  checked  using  the  method 
described . 


4 . 3  Coverplates 

The  die-cast,  magnesium,  coverplates  of  refrigerator  S/N  1 
developed  an  excessive  helium  leak  shortly  after  delivery 
of  the  refrigerator.  Acceptance-level  leak  checking  prior  to 


V 


delivery  indicated  a  leak-tight  envelope.  Microscopic  examina¬ 
tion  of  the  coverplates  suggested  a  progressive  erosion  of  the 
surfaces  (Fig.  15).  This  erosion  was  attributed  to  the  methods 
used  for  sealant  impregnation.  The  remaining  coverplates, 
intended  for  use  with  subsequent  refrigerators,  showed  identjca. 
deterioration,  resulting  in  a  number  of  plates  being  discarded. 
New  coverplates  were  manufactured  using  solid  plate  magnesium. 
During  the  manufacture  of  the  new  plates,  two  refrigerators,  S,  N 
2  and  S/N  3,  were  delivered  to  JHU/APL  with  the  die-cast  plates 
fitted  so  that  the  refrigerators  could  be  checked  and  instru¬ 
mented.  The  intention  was  to  retrofit  the  refrigerators  with 
the  new  coverplates  when  they  became  available.  This  was 
accomplished  some  months  later. 


Figure  15:  Erosion  of 

crankcase  coverplate. 


The  coverplates  are  secured  to  the  crankcase  with  4-40  cap  head 
screws.  The  helium  pressure  within  the  crankcase  is  maintained 
by  double  "0"  rings  between  each  interface.  Viton  and  poly¬ 
urethane  were  selected  as  the  "0"  ring  materials,  with  the 
Viton  rings  being  used  as  compression  seals  and  the  polyurethane 
rings  as  slip  seals.  The  polyurethane  "0"  rings  were  mounted  on 
t^he  flange  grooves  of  the  coverplates  and  an  attempt  made  to 
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mount  the  plates  to  the  crankcase.  However,  du(  to  th.  ... 
durometer  of  the  polyurethane,  the  inner  lips  of  the  '0"  f  r- 
groove  in  the  crankcase  cracked.  The  polyurethane  ring:-  , 
replaced  by  neoprene  rings  and  the  plates  installed 
further  problems.  All  polyurethane  rings  intended  for  use  ..ti 
the  crankcase  were  subsequently  replaced  by  neoprene  rings  an., 
lightly  coated  with  Krytox  AD  240  grease.  The  compression  "O” 
rings  were  assembled  dry  in  all  instances. 

4 . 4  Piston  Rod 

The  piston  rod  consists  of  two  pieces  screwed  together  .-r. 
pinned,  then  TIG  welded  (Fig.  16).  The  upper  section  is  sn^.,. 
less  steel  and  locates  on  a  shoulder  of  the  lower  aluminum  . 

The  aluminum  body  is  secured  to  the  piston  yoke  by  two  sc*  w- 
inserted  through  clearance  holes  in  the  displacer  yoke.  The 
screws  can  only  be  inserted  into  the  piston  yoke  through  the 


Figure  16:  Piston  and  displacer  rods  with  piston 

and  cylinder. 
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base  of  the  crankcase  with  the  rhombic  drive  secured.  The  inner 
body  of  the  aluminum  base  extends  up  into  the  steel  rod  body, 
and  serves  to  house  two  linear  ball  bushings.  An  aluminum 
spacer  separates  the  two  ball  bushings  which  guide  the  displacer 
rod . 


4 . 5  Displacer  Rod 

The  displacer  rod  is  ground  and  polished  hardened  steel  with  a 
surface  finish  of  <  5  um*  A  thread  at  the  top  of  the  rod 
provides  a  location  for  the  extension  displacer,  while  a  thread 
at  the  base  of  the  rod  provides  a  means  of  securing  the  rod 
within  the  displacer  yoke. 

During  quenching  of  the  rod  after  heat  treatment,  the  threaded 
portions  moved  away  from  the  center  line  of  the  rod.  As  a 
result  of  the  top  thread  being  bent,  the  mating  extension 
displacer  was  at  an  angle.  Straightening  the  thread  was  im¬ 
practical  due  to  the  55C  Rockwell  hardness  of  the  rod.  Some 
success  was  achieved  in  improving  the  alignment  by  counter 
boring  the  base  of  the  extension  displacer  and  inserting  a  steel 
sleeve  to  locate  around  the  top  shoulder  of  the  rod.  This 
action  was  accompanied  by  easing  the  thread  on  the  rod  and  using 
an  oversize  tapping  drill  in  the  steel  insert  of  the  extension 
displacer.  The  result  was  a  loose  mating  fit  between  threads 
which  permitted  the  steel  insert  of  displacer  to  force  a  good 
alignment  between  the  rod  and  the  displacer. 

Since  heat  treatment  of  the  displacer  rod  proved  to  be  a 
problem,  machining  methods  were  reviewed  and  revised.  The 
result  being  that  when  new  rods  were  made,  the  threaded  ends 
were  left  blank  until  the  rods  were  hardened;  the  blank  ends 
were  then  threaded. 
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4.6 


Extension  Displacer 


The  extension  displacer  (Fig.  17)  is  an  aluminum  body  with  a 
4-40  thread  in  one  end  which  screws  onto  the  displacer  rod. 
Fitting  inside  the  body  is  a  split  guide  sleeve  through  which 
the  flex  rod  is  located.  The  flex  rod  screws  into  the  inside  of 
the  hole  in  the  displacer  body.  The  opposite  end  of  the  flex 
rod  has  a  10-32  thread  to  screw  into  the  base  of  the  1st  stage 
displacer . 

4. 7  Rhombic  Enclosure 

The  rhombic  drive  is  located  within  a  frame  independent  from  the 
crankcase.  The  frame  is  constructed  of  five  parts:  two  main 
plates  facing  each  other  and  each  containing  two  SR8  bearings 
for  the  two  crankshafts;  two  end  plates  separating  the  main 
plates  (these  four  plates  are  aluminum);  mounted  across  the  top 
of  the  two  face  plates  is  a  stainless  steel  plate  containing  two 
1/4"  dowel  pins  to  guide  the  ball  bushings  in  the  piston 
yoke.  The  five  parts  are  dowled  and  secured  with  pan  head 
screws  (Fig.  13,  Item  1).  The  SR8  bearings  of  each  faceplate 
are  individually  fitted  to  their  respective  housing  and  crank- 
shaf  ts. 


4 . 8  Crankshafts 

Each  crankshaft  is  of  two-part  construction  (Fig.  18).  The  two 
halves  of  a  single  shaft  are  coupled  together  at  the  eccentric. 
The  eccentric  extends  from  the  face  of  one-half  of  the  crank¬ 
shaft  and  is  inserted  into  a  hole  in  the  face  of  the  other  half 
of  the  crankshaft.  Their  coupled  position  is  held  by  a  stain¬ 
less  steel  pin  driven  through  the  two  mated  pieces. 

The  crankshafts  are  rough  machined  in  a  lathe  and  then  machined 
to  size  on  a  grinder.  To  enable  each  diameter  of  the  shaft  to 
be  ground,  a  large  flange  is  left  at  each  end  of  the  crankshaft. 
The  center  lines  of  each  diameter  are  continued  into  the  flanges 
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Figure  18:  Crankshafts. 

and  center  drilled.  This  enables  the  shafts  to  be  set  up 
between  centers  on  a  cylinder  grinder  and  all  diameters  ground 
to  a  finished  size.  The  flanges  at  the  ends  of  the  shafts  are 
then  removed,  leaving  the  shafts  the  correct  length. 

The  two  crankshafts  in  the  rhombic  drive  are  of  different 
lengths.  The  longer  shaft  extends  to  provide  location  for  the 
commutation  sensor  disk.  Both  shafts  have  a  keyway  milled  into 
the  surface  of  the  long  ends  to  facilitate  the  magnetic  rotors 
of  the  dc  motor. 


The  rhombic  drive  is  designed  so  that  mass  can  be  added  to  or 
subtracted  from  the  displacer  or  piston  masses  to  balance  the 
drive  and  maintain  a  fixed  center  of  gravity.  As  part  of  this 
balance,  the  crankshafts  must  also  be  dynamically  balanced.  The 
mass  of  the  eccentric  is  counteracted  by  adding  two  copper 
counterweights,  180'^  out  of  phase  to  the  eccentric.  The  counter 
weights  are  oversize  to  begin  with;  then  mass  is  removed  from 
the  copper  to  eff'?ct  the  balance  (see  Appendix  C). 
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Emphasis  is  placed  on  the  machining  accuracy  of  the  crankshafts, 
since  the  eccentrics  of  a  pair  of  mated  shafts  must  be  identical. 
Each  shaft  eccentric  is  the  location  for  three  SR3  bearings 
mounted  in  tandem,  with  each  bearing  separated  by  Teflon  spacers. 
Three  connecting  rods  are  fitted  onto  the  SR3  bearings  on  the 
crankshaft.  The  opposite  end  of  each  rod  contains  another  SR3 
bearing.  The  outer  two  rods  on  each  shaft  are  coupled  to  the 
upper  piston  yoke  by  a  wrist  pin  passing  through  the  yoke  and 
the  SR3  bearings.  The  wrist  pins  are  secured  in  position  by  set 
screws  through  the  wall  of  the  yoke.  The  remaining  inner 
connecting  rods  are  coupled  to  the  lower  displacer  yoke  in  the 
same  manner. 

The  symmetry  of  the  rhombus  depends  on  the  machining  accuracy  of 
the  parts.  To  achieve  uniform  position  of  the  drive,  the  six 
connecting  rods  are  clamped  together  in  a  common  fixture  on  a 
jig  borer.  The  bearing  holes  in  all  the  connecting  rods  are 
bored  together,  so  that  the  distance  between  hole  centers  are 
the  same  in  each  rod. 

All  ball  bearings  in  the  refrigerator  are  Class  7,  with  dust 
shields  and  synthetic  ball  retainers.  Each  bearing  is  loaded 
with  a  30%  fill  of  Krytox  240  AD  grease.  To  insure  that  each 
bearing  carries  an  equal  uniform  radial  loading,  the  bearings 
are  individually  fitted  to  the  crankshafts  and  wrist  pins. 

The  two  crankshafts  are  fitted  through  two  SR8  bearings  in  one 
faceplate,  and  extend  beyond  the  bearing  faces  to  provide 
location  for  the  two  timing  gears. 

4 . 9  Timing  Gears 

Each  gear  consists  of  an  aluminum  hub  which  holds  a  gear  ring, 
and  an  aluminum  clamping  ring  which  captures  the  gear  ring 
against  the  hub.  Four  screws  pass  through  the  aluminum  hub, 
through  the  gear  ring,  and  tighten  into  the  clamping  ring.  This 
prevents  the  gear  ring  from  rotating  within  the  confines  of  the 


two  hub  parts.  The  face  of  the  hub  contains  a  split  clamp  which 
secures  the  gear  to  the  crankshaft. 

Two  dissimilar  materials  were  used  for  the  gear  rings,  viz., 
Delrin  AF  and  Teflon  610.  This  material  combination  results  in 
lower  friction  and  longer  life  of  the  mating  gears. 

The  opposite  ends  of  the  crankshafts  pass  through  the  rear  of 
the  rhombic  case  and  provide  location  for  the  two  dc  magnetic 
rotors.  Each  rotor  is  held  on  a  shaft  by  a  key  and  secured  with 
a  snap  ring.  The  right  hand  crankshaft,  when  viewing  the  open 
crankcase  from  the  rear,  is  the  longer  of  the  two.  This  shaft 
provides  location  for  the  magnetic  timing  disk  of  the  motors. 

4.10  Dispacer/Regenerator — 1st  Stage 

The  1st  stage  displacer  consists  of:  a  stainless  steel  adapter 
to  accommodate  a  glass-filled  Bal  seal,  a  stainles  steel  cap  to 
contain  the  seal,  a  laminated  woven-glass  fabric  silicone  body 
to  encase  the  phosphur  bronze  regenerator  mesh,  and  a  top  cap 
of  glass-filled  fiber  extending  through  the  center  of  the  mesh 
layers.  The  glass-filled  body  in  the  center  of  the  mesh  is 
screwed  to  the  top  thread  of  the  flex-rod. 

The  use  of  woven-glass  fabric  for  the  regenerator  shell  and  top 
cap  reduces  the  heat  losses  down  the  displacer  wall  and  through 
the  top  cap  center  body.  The  base  of  the  center  body  is 
supported  by  a  steel  sleeve.  Inside  the  base  of  the  body  is  a 
helicoil  into  which  the  flex-rod  of  the  extension  displacer  is 
screwed.  The  top  face  of  the  cap  provides  a  seating  for  the 
2nd  stage  displacer.  The  center  of  the  cap  is  counter  bored, 
and  two  1/16"  diameter  dowel  holes  are  drilled  180“  apart  on 
either  side  of  the  counter  bore. 

The  regenerator  mesh  is  selected  by  computing  the  heat  capacity 
of  the  mesh  for  a  selected  working  volume  and  consideration  of 
the  characteristics  of  the  other  materials  in  the  working  gas 
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area.  Other  inputs  for  the  computer  program  include:  thermal 
losses,  flow  losses,  heat  leaks,  output  temperature  goals,  and 
internal  parameter  variations. 

The  phospher-bronze  mesh  required  is  110  x  110  with  a  wire 
diameter  of  0.004"  and  a  filling  factor  of  42%  within  the 
displacer.  The  number  of  layers  of  mesh  required  is  calculated 
as  follows: 


where ,  N 
ft 
d 
L 

f  8 

T 


number  of  mesh  layers 
%  fill  factor  of  mesh 
wire  diameter 

internal  length  of  displacer 

aV  ^ 

dimensionless  mesh 


so 


1 

T  =  110  Then  fg  =  -^(1.0925)  =  .  3775 

0.004 


Substituting:  N 


(.42) (1.953) 
(.008) (.3775) 


.82026 

.003 


271 . 609 


Since  a  compression  factor  is  not  considered  in  the  equation 
(compressing  the  mesh  to  the  required  length  for  the  displacer 
increases  the  mesh  diameter  and  it  must  therefore  be  machined  to 
suit  the  inside  diameter  of  the  displacer),  an  extra  10%  of 
mesh  must  be  added  to  the  calculated  number  (N),  making  the 
number  of  mesh  layers  required  as  299.  The  same  equation 
applied  to  the  2nd  stage  regenerator  results  in  being  345  layers 
of  mesh  required. 
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4.11  Displacer/Regenerator — 2nd  Stage 

The  2nd  stage  displacer  could  not  be  designed  to  use  the 
woven-glass  fabric  laminate  due  to  the  structural  strength  of 
the  material  being  affected  by  the  small  diameter  of  the  dis¬ 
placer  shell.  By  selecting  titanium  alloy  for  the  displacer 
body,  the  heat  losses  through  the  displacer  wall  were  kept  to  an 
acceptable  level.  The  titanium  also  provided  a  stronger  en¬ 
velope  to  contain  the  phospher  bronze  mesh.  Both  regenerators 
are  cleaned  by  flushing  liquid  freon  through  the  gas  ports  of 
each  displacer. 

4.12  Rhombic  Alignment 

The  rhombic  drive  is  a  symmetric  shape  maintained  by  two  timing 
gears  mounted  on  the  crankshafts.  The  timing  gears  govern  the 
position  of  the  shaft  eccentrics,  which  in  turn  determine  the 
parallel  condition  between  the  yokes  and  the  rhombic  enclosure. 
The  two  yokes  are  held  parallel  by  the  displacer  rod  (secured  in 
the  displacer  yoke)  and  by  the  piston  rod  (secured  in  the  piston 
yoke).  The  displacer  rod  is  guided  within  the  piston  rod  by  two 
ball  bushings  mounted  in  tandem.  Although  the  yokes  are  held 
parallel  to  each  other  by  the  rods,  the  yokes  must  be  adjusted 
to  ride  parallel  to  the  top  surface  of  the  rhombic  enclosure. 
The  instruction  manual  submitted  under  this  program  describes 
the  alignment  procedures  for  both  the  rhombic  drive  and  the 
displacers . 

4.13  Cold  Finger 

The  cold  finger  (Fig.  19)  consists  of  various  metals  furnace 
brazed  together.  The  stainless-steel,  heat-exchanger  flange  has 
a  copper  body  brazed  into  the  bore  for  heat  transfer.  Joining 
and  extending  above  the  copper  insert  is  a  titanium  alloy 
sleeve.  This  sleeve  forms  the  first  expansion  space  for  the  1st 
stage  displacer.  At  the  top  of  the  sleeve  is  a  copper  flange  to 
provide  location  for  a  radiation  shield  which  extends  up  around 
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Figure  19:  Cold  finger 
and  displacers. 


the  second  stage  of  the  cold  finger.  The  second  stage  of  the 
cold  finger  is  also  a  titanium  alloy  sleeve  which  is  furnace- 
brazed  to  a  copper  flange  at  the  top  of  the  1st  expansion  stage. 
The  top  of  the  2nd  stage  titanium  shell  is  sealed  with  a  brazed 
copper  cap. 


The  inner  ports  of  the  cold  finger  are  machined  to  within  0.002" 
of  the  finished  sizes.  A  steel  mandrel  is  used  to  hold  each 
part  in  position  during  the  brazing  procedure.  The  inner 
dimensions  of  the  finger  are  then  honed  and  polished  to  a  11 
micron-inch  finish.  To  reduce  the  emissivity  of  the  outer 
surfaces  of  the  cold  finger,  a  2  ym  layer  of  gold  is  deposited 
over  the  entire  outer  faces  of  the  thin  walls  and  copper  flanges. 


Before  mounting  the  cold  finger  to  the  cylinder  top,  an  exact 
measurement  of  the  depths  of  the  first  and  second  stages  of  the 
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cold  finger  must  be  made.  The  depth  measurements  are  compared 
to  the  height  of  the  1st  and  2nd  stage  displacers  when  the 
displacer  rod  is  at  top  dead  center.  The  1st  stage  displacer 
should  have  between  0.010"  and  0.015"  top  clearance  inside  the 
finger  while  the  2nd  stage  displacer  should  have  0.004"  to 
0.008"  top  clearance.  Height  adjustment  of  the  1st  stage 
displacer  is  accomplished  by  adding  a  spacer  or  removing  materi¬ 
al  at  the  interface  between  the  seal  cap  of  the  displacer  and 
the  top  shoulder  of  the  flex-rod.  The  height  adjustment  of  the 
2nd  stage  displacer  is  achieved  by  adding  a  spacer  or  remov¬ 
ing  material  from  the  interface  between  the  displacers. 


4.14 


Instrumentation 


The  refrigerator  is  required  to  produce  0.3  W  and  1.5  W  of  power 
simultaneously.  To  simulate  these  power  loads,  three  1000  ohm 
ceramic  heaters  were  mounted  on  an  auxiliary  copper  plate  clamp¬ 
ed  to  the  copper  flange  of  the  cold  finger  at  the  1st  expansion 
stage.  A  second  auxiliary  copper  plate  was  secured  to  the 
copper  cap  on  the  second  expansion  stage  of  the  cold  finger. 
This  second  plate  held  a  single  800  ohm  ceramic  heater  (Fig.  20) 


Figure  20:  Cold  finger 
with  auxiliary  heater 
plates . 


The  electrical  leads  coupled  to  the  heaters  were  0.010"  in 
diameter,  each  wire  having  a  free  length  of  at  least  twelve 
inches.  The  wires  were  wound  in  coils  within  the  covering 
vacuum  dewar,  and  in  close  proximity  to  the  cold  finger.  The 
two  temperatures  were  monitored  by  chromel/alumel  thermocouples 
mounted  on  each  flange.  Again  the  wires  were  at  least  twelve 
inches  in  length  and  coiled  within  the  vacuum  dewar.  The 
thermocouple  wires  were  0.005"  in  diameter.  The  thermocouple 
and  heater  leads  from  the  cold  finger  were  fed  through  the  wall 
of  the  vacuum  dewar.  The  EMF  outputs  from  the  thermocouples 
were  monitored  by  a  millivolt  potentiometer. 

The  total  heat  leak  through  all  wires  was  calculated  to  be 
0.004  W  and  was  considered  negligible  in  affecting  the  cold 
production  of  the  refrigerator. 

The  two  thermocouples  were  calibrated  by  immersing  the  cold 
finger  in  a  bath  of  liquid  nitrogen  and  reading  the  output  EMF 
on  the  millivolt  potentiometer.  (^*^2  temperature  of  77®K 
produces  -  5.829  mV  from  a  Chromel/Alumel  thermocouple.)  The 
calibration  point  of  77*K  coincides  with  the  temperature  produc¬ 
ed  by  the  2nd  stage  regenerator. 

4. 15  Motors 

The  refrigerator  is  driven  by  two  counter-rotating  brushless  dc 
motors  mounted  in  parallel.  The  motors  were  manufactured  and 
tested  by  Herbert  C.  Roters  Associates,  Inc.  (see  Appendix  D  for 
efficiency  curves).  Each  motor  is  designed  to  operate  at  an 
efficiency  of  over  73%,  with  an  input  voltage  of  between  26  - 
30  Vdc  under  full  load.  Maximum  applied  torque  during  effici¬ 
ency  calibration  did  not  exceed  40  in-oz  at  speeds  between  860 
and  1164  rpm. 

The  permanent-magnet  armatures  of  the  dc  motors  are  driven  by 
field  coils  which  are  switched  externally  in  the  electronics 
controller  by  Hall  sensor  signals  picked  off  the  magnetic  disk 
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located  on  the  crankshaft.  Drive  currents  to  the  field  coils. 
Hall  sensor  signals,  and  instrument  signals  are  fed  into  ane  out 
of  the  crankcase  via  leads  connected  to  both  sides  of  the  glass- 
insulated  feed-throughs. 

Speed  control  is  obtained  by  pulse-width  modulation  of  the  drive 
current  at  a  frequency  of  10  kHz.  The  pulse  width  is  controlled 
by  comparing  a  voltage  proportional  to  rpm  (generated  from  one 
of  the  commutating  Hall  sensors  by  a  counter)  to  a  fixed  voltage. 

The  electronic  controller  was  supplied  by  Herbert  C.  Roters 
Associates,  Inc.  with  the  motors.  Evaluation  testing  of  all 
refrigerators  was  performed  using  Roters'  controller,  under 
identical  conditions. 

An  electronic  controller  supplied  by  JHU/APL  was  used  only  when 
the  Roters'  controller  was  returned  to  Roters  for  testing 
the  remaining  undelivered  dc  motors.  Since  the  JHU/APL  control¬ 
ler  consumed  slightly  more  power  than  the  Roters  controller, 
testing  performed  with  the  JHU/APL  controller  was  repeated  when 
the  Roters'  controller  was  returned  to  Philips  Laboratories. 

To  obtain  optimum  motor  performance,  the  input  power  to  the 
right-hand  motor  is  monitored  with  a  digital  ammeter,  and  the 
stator  winding  is  rotated  clockwise  or  counter-clockwise  to 
indicate  the  least  possible  current  requirement  while  achieving 
the  correct  direction  of  rotation.  The  clamp  ring  seated 
against  the  stator  plates  is  then  tightened  to  lock  the  stator 
in  position. 

The  left-hand  stator  winding  is  inserted  into  the  crankcase 
parallel  with  the  right-hand  stator,  and  secured  by  a  clamping 
ring  against  the  stator  body.  To  obtain  optimum  performance, 
each  motor  is  individually  coupled  to  a  power  source  and  the 
input  power  monitored  on  a  digital  ammeter. 

The  right-hand  motor  is  positioned  first  by  slowly  rotating  the 
rotor  within  the  housing  to  a  point  where  minimum  power  is 


required  to  drive  the  motor.  The  stator  is  then  locked  in 
position  by  tightening  the  clamp  ring  seated  against  the  stator 
body.  The  motor  leads  are  disconnected  from  the  power  soUi.ce, 
and  the  left-hand  motor  leads  are  coupled  to  the  power  source. 
The  motor  is  energized  with  the  same  voltage  as  that  for  the 
right-hand  motor,  and  monitored  with  a  digital  ammeter  as 
before.  The  stator  is  rotated  in  the  crankcase  to  a  position 
that  requires  minimum  current  while  the  motor  is  energized.  The 
clamp  ring  is  lightly  clamped  to  secure  the  stator.  By  adjust¬ 
ing  each  stator  winding  within  the  crankcase  to  draw  minimum 
current,  the  motors  can  only  be  phased  to  within  15®  of  each 
other . 

For  a  finer  adjustment  of  the  phasing,  the  generated  waveform 
from  each  motor  is  displayed  on  an  oscilloscope  having  a  dual 
trace  and  two  amplifiers,  each  amplifier  having  a  double  input. 
The  left-hand  motor  circuit  is  tapped  into  with  a  probe  connect¬ 
ed  to  one  of  the  oscilloscope  amplifiers.  The  right-hand  motor 
leads  are  connected  to  the  second  amplifier  of  the  oscilloscope. 
When  the  left-hand  motor  is  energized  to  run  at  1000  rpm,  the 
generated  waveform  will  be  displayed  on  the  oscilloscope  screen 
in  the  form  of  a  sine  wave.  The  right-hand  motor  is  rotated  by 
the  timing  gears  mounted  on  the  ends  of  the  crankshafts.  The 
rotation  of  the  right-hand  motor  generates  a  waveform  which  is 
also  displayed  on  the  oscilloscope.  An  out-of-phase  condition 
between  motors  is  evident  if  one  sine  wave  is  not  superimposed 
over  the  other.  To  bring  both  waves  toegther,  the  left-hand 
stator  winding  in  the  crankcase  is  rotated  and  then  relocked  in 
position  by  the  clamp  ring.  An  advantage  of  using  a  single 
controller  for  all  testing  was  that  the  test  results  could  be 
cross  checked  from  one  refrigerator  to  the  next. 

The  six  Hall  effect  sensors  are  coupled  to  the  electronic 
controller  by  different  colored  wires.  Each  wire  is  fed  through 
the  wall  of  the  sensor  ring  and  looped  around  the  inside  of  the 
crankcase.  The  wires  are  then  soldered  to  the  feed-through 
terminal  pins.  The  feed-throughs  consist  of  two  groups  of  nine 
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hermetically  sealed  pins.  Each  group  is  contained  within  a 
stainless  steel  housing.  The  housings  locate  in  two  holes  in 
the  top  face  at  the  rear  of  the  crankcase  and  are  held  in 
position  by  2-56  cap  head  screws.  Each  housing  has  two  0-rings 
mounted  in  tandem  around  the  body  to  form  slip  joint  seals 
inside  the  crankcase. 

The  Hall  sensors  are  energized  by  5  Vdc  via  the  commutation 
circuit;  the  motors  are  energized  by  26-30  Vdc  and  are  counter 
rotating.  The  electronic  control  circuit  diagram  is  shown  in 
Figure  21.  Motor  efficiency  curve  data  is  given  in  Appendix  D. 

4.16  Final  Assembly  Checks 

Following  motor  alignment,  the  refrigerator  was  checked  for 
power  consumption  at  various  stages  of  assembly.  Typical  power 
requirements  of  the  refrigerator  during  evaluation  testing  are 
shown  in  Table  5. 


TABLE  5 


Speed 

rpm 

dc 

Volts 

(V) 

do 

Current 

(A) 

Power 
( Watts) 

He 

Pressure 

(psig.) 

...  - 

Assembly  Condition 

With  Two  Motors  DrivinR 

1000 

28.0 

0.17 

4.76 

0 

Piston  Head  and  Bal  Seal 

1000 

28.0 

0.40 

11.2 

0 

Piston  Head  and  Bal  Seal  and 
1st  Stage  Displacer 

1000 

28.0 

0.50 

14.0 

0 

Complete  Assembly 

1000 

L_  _ 

28.0 

0.85 

23.8 

56 

Complete  Assembly 

The  readings  on  the  last  line  of  the  table  were  taken  two 
minutes  after  starting  the  refrigerator.  Power  requirements  for 
the  refrigerator  increase  during  the  cooldown  period,  reaching 
a  maximum  of  30  W  when  the  cold  finger  attains  a  temperature 
of  77®K  at  the  top  of  the  second  stage.  The  cooldown  period  is 
influenced  by  the  addition  or  reduction  of  mass  on  the  cold- 
finger  flanges.  The  change  in  mass  on  the  cold  finger  will  not 
affect  the  refrigerator's  cold  production. 

0 
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5. 


CONTAMINATION  REMOVAL  METHODS 


5. 1  Bakeout  and  Purging 

The  refrigerator  is  pressurized  to  70  psia  of  helium.  To  ensure 
that  other  gases  such  as  oxygen,  nitrogen,  and  carbon  dioxide, 
are  removed  from  the  inside  of  the  unit,  helium  is  purged  in  and 
out  of  the  cooler  to  remove  these  gases.  Such  action  has 
proved  successful  to  a  point,  but  does  not  remove  air  which  may 
be  trapped  :4‘'thin  motor  windings  or  porous  materials.  A  more 
serious  problem  is  the  elimination  of  moisture  from  within  a 
system.  The  removal  of  moisture  and  any  remaining  air  can  be 
accomplished  by  both  baking  and  evacuating  the  system  simul¬ 
taneously;  however,  this  method  is  somewhat  restrictive,  as  some 
components  in  the  cooler  may  be  heat  sensitive  or  may  outgas  and 
create  further  contamination  problems.  Therefore,  the  amount  of 
heat  applied  to  the  refrigerator  could  be  somewhat  less  than 
that  required  to  vaporize  any  moisture.  As  a  result,  an  applied 
temperature  of  140°F  combined  with  vacuum  pumping  is  required 
over  a  period  of  days  to  remove  the  moisture. 

Subsequent  testing  of  refrigerators  had  indicated  that  the  cold 
production  remains  constant  for  a  longer  period  of  time  when  a 
liquid  nitrogen  cold  trap  is  used  during  purging.  The  helium 
purging  procedures  introduced  were  designed  to  prevent  other 
gases  from  entering  the  system  by  freezing  the  unwanted  gases 
inside  copper  coils  immersed  in  liquid  nitrogen. 

Purging  procedures  previously  used  consisted  of  coupling  a  gas 
cylinder  to  the  refrigerator  and  pressurizing  to  10%  above  the 
operating  pressure.  The  system  would  then  be  exhausted  and 
pressurized  continually  for  about  two  hours  for  a  minimum  of 
thirty  cycles.  The  pressure  would  then  be  reduced  to  the 
required  level  and  the  refrigerator  valve  closed. 

The  method  was  improved  by  introducing  an  automatic  purge  system 
which  was  allowed  to  cycle  for  24  hours.  The  system  consisted 
of  a  timer  controlling  two  solenoid  valves.  The  refrigerator 
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was  pressurized  over  a  three  minute  period,  held  for  three 
minutes,  then  exhausted  over  a  three  minute  period.  After  the 
gas  was  exhausted,  a  one  minute  lapse  occurred,  before  the  cycle 
was  repeated.  A  full  single  cycle  was  thus  ten  minutes. 

A  further  improvement  evolved  when  it  became  obvious  that  water 
vapor  was  not  removed  from  the  refrigerator  using  the  previous 
methods.  This  was  evident  during  disassembly  of  the  engineering 
model  at  JHU/APL  (see  Section  8). 

Initially,  the  first  refrigerator  was  located  on  a  hot  plate  and 
both  inserted  into  a  vacuum  bell  jar  (Fig.  22).  The  temperature 
of  the  hot  plate  was  raised  to  180®F.  (This  temperature  was 
later  reduced  to  140“F  for  subsequent  units  due  to  the  sensitiv¬ 
ity  of  the  pressure  transducer  and  strain  gauge  to  high  temper¬ 
atures)  .  The  combination  of  heating  and  evacuating  the  system 
over  a  period  of  5-7  days  provided  a  relatively  moisture-free 
internal  condition  of  the  refrigerator  in  preparation  for 
purging.  Pressure  inside  the  bell  jar  reached  1.0  x  10  ^  mm/Hg. 


SELL  JAR 


CVC  VACUUM  SYSTEM 
LNt  TRAPPED.  WATER 
COOLED  DIFFUSION  PUMP 


Figure  22: 


Setup  for  vacuum  bakeout  of  refrigerator. 


The  unit  was  transferred  from  the  bell  jar  to  the  bench  for 
purging,  with  connection  to  the  purge  setup  being  done  rapidly. 
The  setup  consisted  of  a  sequence  relay  timer  controlling  two 
solenoid  valves  and  S2),  two  copper  coils  of  tubing,  a 
series  of  hand-operated  valves,  and  a  hot  plate  for  the  refrig¬ 
erator  to  rest  on  (Fig.  23).  Helium  from  the  supply  cylin¬ 
der  was  directed  through  the  valve  S,  into  a  copper  coil  immers¬ 
ed  in  liquid  nitrogen  and  into  the  refrigerator.  The  exhaust 
from  the  unit  was  actuated  by  closing  and  S2  opening. 
The  flow  of  gas  was  discharged  through  a  second  copper  coil  also 
immersed  in  liquid  nitrogen,  then  via  a  throttle  valve  into  a 
container  of  low  vapor  pressure  diffusion  oil.  The  hot  plate 
maintained  a  temperature  of  140®F. 


T  C  IC£  POlWT 

refcrcncc  millivolt 

POTENTIOMETER 

Si  ANO  Sc  CONTROLLED  DTRELATTIMCR  AT  Dc  p  h 

Figure  23:  Schematic  of  setup  for  recharging  and  purging. 

All  lines  of  the  purging  system  were  purged  30  times  at  a 
pressure  of  90  psia  before  opening  the  crankcase  valve.  This 
action  eliminated  all  other  gases  from  the  system  and  prevent 
1  iqu if icat ion  or  freezing  within  the  immersed  copper  coils. 
Since  equipment  was  not  available  to  maintain  a  LN2  level  over 
the  copper  coils  overnight,  the  automatic  purging  system  was 


de-energized  each  evening.  The  exhaust  valve  above  the  diffus¬ 
ion  oil  was  closed  and  a  vacuum  pump  connected  to  the  shut-off 
valve  nearest  the  unit.  The  vacuum  dewar  covering  the  cold 
finger  was  also  evacuated  so  that  the  thin  wall  of  the  cold 
finger  did  not  collapse  during  evacuation  of  the  refrigerator. 
Each  morning  the  shut-off  valve  to  the  vacuum  system  was  closed, 
and  the  automatic  purging  system  was  reactivated.  These  pro¬ 
cedures  were  repeated  over  several  days  after  which  the  pressure 
was  adjusted  to  70  psia.  The  purging  cycle  was  allowed  to 
continue  for  an  additional  four  hours  to  stabilize  the  pressure 
within  the  unit.  The  main  shut-off  valve  on  the  refrigerator 
was  closed  after  the  pressurization  cycle. 

During  the  purging  operation,  the  gas  pressure  was  never  allowed 
to  exhaust  completely  before  valve  $2  actuated;  this  was 
controlled  by  the  throttle  valve  above  the  diffusion  oil. 


5 . 2  Leak  Checking 

Since  the  intended  life  of  each  refrigerator  was  designed  to 
exceed  12  months,  double  0  ring  seals  were  incorporated  in  the 
design  of  each  interface.  These  0  rings  were  of  two  different 
materials  with  the  purpose  of  minimizing  the  leak  rate  from  any 
joint.  To  check  the  leak-rate,  each  refrigerator  was  indi¬ 
vidually  placed  inside  a  bell  jar  and  coupled  to  a  Veeco  MS9 
leak  detector.  By  first  calibrating  the  detector  with  a  cali- 

_  Q 

brated  leak-rate  cylinder  giving  a  rate  of  2.18  x  10  cc/sec, 
a  check  of  each  refrigerator  was  made.  The  maximum  acceptable 
leak-rate  was  4.5  x  10  ^  Std.  cc/sec. 
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6.  PERFORMANCE  TESTING 

Each  refrigerator  was  performance  tested  before  delivery 
to  JHU/APL.  The  tests  were  conducted  at  a  constant  temperature 
within  an  environmental  chamber.  The  temperature  of  the  heat 
exchanger  flange  was  maintained  at  113®F  and  monitored  by  a 
chromel/alumel  thermocouple  mounted  on  the  heat  exchanger 
f lange . 

The  heat  exchanger  and  vacuum  dewar  over  the  cold  finger  did  not 
provide  an  efficient  heat  sink  for  the  refrigerator;  additional 
air-convection  cooling  was  supplied  by  an  electric  fan  directed 
at  the  heat  exchanger.  The  fan,  positioned  at  the  opposite 
side  of  the  thermocouple  location,  was  later  replaced  by  a 
water-cooled,  copper  conduction  plate  mounted  to  the  heat 
exchanger  flange. 

The  instrumentation  used  for  each  test  was  as  follows: 

table  6 

Qty .  Name 

5  DC  Power  Supply  0-30  V 

5  Digital  Voltmeters  0-30  V 

4  Digital  Ammeters  0-2  A 

1  Ice  Point  Reference 

1  Millivolt  Potentiometer 

1  Vacuum  System 

1  Pulse  Counter 

3  Thermocouples 

2  Ceramic  Heater 

1  Oscilloscope 

Figure  24  is  a  block  diagram  of  the  test  setup. 

Before  each  test,  the  vacuum  dewar  was  mounted  over  the  cold 
finger  and  evacuated  to  a  pressure  of  <  1.0  x  10~^  mm  Hg . 
The  power  supplies  for  the  sensors  and  drive  motors  were  preset 
to  5  Vdc  and  28  Vdc,  respectively.  To  safeguard  the  circuit. 


Mf  qr . 


Type  or 
Part  No. 


Power  Mate  (or  equiv. ) 
Data  Precision 
Data  Precision 
Kaye  Inst. 

Leeds  and  Northrup 
Veeco  (or  equiv. ) 

Fluke 

Omega 

MEPCO 

Tektronix 


BP-4 OF 

134 

134 

K150-60 

8686 

V-300 

1911A 

Chromel/Alumel 
1000  ohm 
5103  N 


COOLING  WATER 
FOR 


(SPEED  INDICATOR  I 


Figure  24:  Block  diagram  of  bench  test  setup. 
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the  5  Vdc  supply  was  energized  first  and  de-energized  last.  The 
main  switch  on  the  electronic  controller  was  activated  to  start 
the  refrigerator  which  was  allowed  to  run  for  thirty  (30) 
minutes  before  energizing  the  two  heater  power  supplies.  Power 
input  to  the  heaters  was  adjusted  to  1.5  W  and  0.3  W  for  the 
simulated  heat  loads  on  the  first  and  second  stages  of  the  cold 
finger.  The  output  temperatures  were  monitored  by  thermocouples 
mounted  on  the  first  and  second  stage  flanges  of  the  cold 
finger.  Temperature  readings  were  shown  in  mV  on  a  potentio¬ 
meter  and  converted  to  degrees  Kelvin.  Heat  rejection  at  the 
heat  exchanger  flange  was  maintained  at  113®F  by  a  supply  of 
cooling  water  flowing  through  a  copper  tube  mounted  on  a  plate 
secured  to  the  flange.  Operating  speed  of  the  refrigerators  was 
set  at  1000  rpm  and  monitored  by  a  pulse  counter  coupled  into 
the  sensor  circuit. 

The  performance  map  supplied  by  JHU/APL  for  engineering  model 
S/N  1  is  shown  in  Figure  25;  the  performance  maps  for  the 
remaining  refrigerators  (S/N  2-6)  are  shown  in  Figures  26 
through  30. 


Performance  map  S/N 


TIME  (MINUTES) 


Pertinent  Cooldown  and  Cold  Production  Data  for  S/N  2* 


Time  1st.  Stage 

Load 

2nd  Stage 

Load 

P, 

in 

Heat  Reject 

(Min ) 

®K 

(W) 

®K 

(W) 

(W) 

(“F) 

02 

277 

0 

278 

0 

20.16 

72 

20 

140 

0 

170 

0 

23.24 

85 

60 

140 

1.5 

83 

0.3 

28.00 

110 

180 

140 

1.5 

79 

0.3 

28.28 

113 

He  charge 
Speed 

pressure 

56  psig 

1000  rpm 

Ambient  72®F 


Teitp 


Figure  2C ;  Performance  map  of  S/N  2. 
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Pertinent  Cooldown  and  Cold  Production  Data  for  S/N  3* 


'ime 

Min) 

1st.  Stage 

»K 

Load 

(W) 

2nd  Stage 

•K 

Load 

(W) 

P. 

in 

(W) 

Heat  Reject.  Tenp. 

CF) 

02 

270 

0 

276 

0 

19.32 

74 

20 

175 

0 

168 

0 

23.24 

90 

60 

139 

1.5 

81 

0.3 

28.28 

113 

He  charge  pressure 

Speed 

Ambient 


56  psig 
1000  rpm 

720F 


Figure  27;  Performance  map  S/N  3. 
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Pertinent  Cooldown  and  Cold  Production  Data  for  S/N  6* 


Time 

(Min) 

Ist  Stage  Load 

CK)  (W) 

2nd  Stage 

(“K) 

Load 

(W) 

P.  Heat 

in 

(W) 

Reject.  Temp. 

(»F) 

2 

27B 

0 

280 

0 

26.04 

— 

120 

128 

1.5 

77 

0.  3 

29.96 

113 

*  He  pressure 

62  psig 

Speed 

1000  rpm 

Ambient 

72<>F 

_  C. 

Lea)t 

Rate 

3-174  X  10  cc/sec 

Figure  30: 

Performance  map  S/N  6. 
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VIBRATION  AND  NOISE  LEVEL  TESTING 


7  . 

Three  qualification  tests  were  performed  to  determine:  (1) 
the  effect  of  vibration  on  the  refrigerator,  (2)  how  much 
displacement  of  the  second-stage  cold  spot  was  generated  by 
operation,  (3)  what  was  the  acoustic  noise  level  of  the  re¬ 
frigerator  while  in  operation. 

The  first  test  was  conducted  at  JHU/APL  using  S/N  1  as  the  test 
subject.  The  refrigerator  was  subjected  to  random  vibrations 
for  a  period  of  two  minutes  for  each  of  the  three  axis. 

The  second  and  third  tests  were  performed  at  Philips  Laborator¬ 
ies  using  refrigerator  S/N  4  as  the  test  subject.  Displacement 
of  the  cold  spot  was  measured  for  each  of  the  three  axis. 

Acoustic  data  was  taken  in  a  room  about  25'  x  25'  x  10'  with  a 
40  dB  ambient.  Using  a  General  Radio  sound  level  meter  with  a 
Type  1560-P5  microphone,  measurements  were  taken  at  various 
distances  from  three  feet  to  twenty  feet. 

7.1  Vibration  Tests 

Severe  random  vibration  tests  were  conducted  at  JHU/APL  on  S/N  1 
on  Sept.  3,  1975  to  determine  if  the  refrigerator  was  capable 
of  withstanding  the  vibrations  which  accompany  the  launching  of 
satellite  vehicles. 

After  one  minute  of  random  vibration  at  the  acceptance  level,  a 
crack  appeared  at  the  base  of  the  cold  finger.  This  test  was 
conducted  3  dB  below  the  qualification  power  spectral  density 
level  (PSD)  (i.e.,  14.6  g  rms)  and  for  1/2  the  time  duration. 
The  observed  fracture  was  a  circumferential  crack  about  3/4  inch 
above  the  base  of  the  cold-finger  first  stage  (see  Fig.  31). 

Following  the  failure  of  the  cold  finger  it  was  subjected  to 
metallurgical  examination  after  it  was  sectioned  through  the 
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ruptured  area  as  shown  in  Figure  32.  The  edges  of  the  rupture 
are  shown  in  Figure  32b  at  30X  and  again  in  Figure  33  at  400X. 

The  examination  did  not  indicate  any  microstructural  abnormal¬ 
ities  in  the  titanium  alloy,  and  the  microcracks  immediately 
adjacent  to  the  broken  edges  are  believed  to  be  a  part  of  the 
microstructure  rather  than  the  cause  of  the  failure. 

Using  refrigerator  S/N  2,  APL  ran  vibration  surveys  on  Sept.  9, 
1975.  These  surveys  consisted  of  sweep  sinusoidal  vibration 
tests  at  0.5  g  input.  For  the  first  set  of  surveys,  the  control 
accelerometer  was  located  in  the  same  position  as  the  flight 
acceptance  random  vibration  tests.  The  resonance  of  the  supoort 
fixture  is  880  Hz.  In  addition  to  the  880  Hz  fixture  resonance, 
there  are  resonant  frequencies  of  the  cold  finger  at  about 
380  Hz  and  1000  Hz.  Later  vibration  surveys  which  decoupled  the 
fixture  verified  an  unloaded  fixture  resonance  of  880  Hz  and  the 
cold  finger  cantilever  modes  at  380  Hz  and  1000  Hz.  The  canti¬ 
lever  modes  had  gains  of  about  40. 

A  preliminary  analysis  of  stress  level  at  the  base  of  the  cold 
finger  during  the  flight  acceptance  tests  was  inconclusive  due 
to  the  close  spacing  between  the  880  Hz  fixture  mode  and  the 
1000  Hz  cantilever  mode. 

If  one  assumes  no  amplification  from  the  fixture,  a  bending 
stress  of  49,000  psi  can  be  generated  by  linearly  summing  a 
three-sigma  response  of  the  380  Hz  mode  with  a  mean  {  =  ) 
response  of  the  1000  Hz  mode.  When  extrapolated  to  qualifica¬ 
tion  levels,  bending  stresses  of  70,000  psi  could  result.  The 
yield  strength  of  the  5Al-2.5Sn  titanium  alloy  is  117,000  psi. 
When  one  considers  possible  reduction  in  strength  of  the  mater¬ 
ial  due  to  fatigue,  and  also  considers  increase  stresses  due  to 
stress  concentration,  the  design  becomes  suspect.  philips  had 
originally  calculated  a  safety  factor  of  about  3  for  the  titan¬ 
ium  column  at  the  qualification  level,  using  a  simple  cantilever 
mode  analysis. 
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(  a )  V i ew  1 


(  b )  View  2 


iquro  3?:  Fractured  cold  finger  (Mag.  40(iXl  . 
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The  random  vibration  environment  that  the  cold  finger  of  refrig¬ 
erator  S/N  2  survived  is  shown  in  Figure  34. 


10  100  lOOO  2000 


FREQUENCY  (Hx) 

Figure  34:  Random  vibration  input  to  S/N  2 

cold  finger. 

7 . 2  Noise  Level  Measurements  and  Displacement 

Vibration  displacement  measurements  were  conducted  using  S/N  4 
as  the  test  subject.  The  instrumentation  consisted  of  a  Bentley 
Nevada  proximity  probe  mounted  to  within  0.005"  of  the  top  of 
the  cold  finger  (y  plane).  Two  other  readings  were  talten  at 
the  periphery  of  the  top  flange  of  the  cold  finger.  Direct 
readout  was  provided  by  coupling  the  proximeter  output  directly 
into  an  oscilloscope  and  measuring  the  amplitude  of  the  y  sine 
wave  created  by  displacement.  This  test  indicated  movement 
greater  than  0.005"  in  all  directions.  To  verify  these  figures, 
the  proximity  probe  was  replaced  by  an  accelerometer  which 
indicated  readings  of  between  0.000125"  and  0.00015"  with  the 
unit  running  at  1000  rpm.  Since  both  measurements  were  ques¬ 
tionable,  further  tests  were  postponed  until  reliable  instru¬ 
mentation  was  available.  This  was  later  achieved  by  using  a 
Fotonic  sensor. 
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The  noise  level  was  measured  by  placing  an  operating  unit  in  the 
center  of  a  room  which  had  a  background  noise  level  of  40  dB; 
readings  were  taken  of  the  refrigerator  at  distances  of  3,  5, 
10,  15  and  20  ft  (see  Fig.  35). 


Figure  35:  Schematic  of  noise  levels  for  S/N  4. 

Specifications  allowed  a  maximum  displacement  of  the  cold  finger 
of  0.0004"  in  any  direction  with  the  refrigerator  in  operation. 
To  measure  this  displacement,  a  Fotonic  sensor  was  mounted  on  an 
independent  surface  with  the  sensor  probe  suspended  in  close 
proximity  to  the  top  of  the  2nd  stage  of  the  cold  finger. 

The  instrument  used,  a  product  of  MTI,  had  a  flexible  probe 
consisting  of  two  sets  of  fiber  optics  jacketed  together  to  form 
a  single  unit.  One  set  of  filaments  transmited  light  from  the 
Fotonic  control  unit  to  a  target  surface,  i.e.,  in  this  case  the 
topmost  flange  of  the  cold  finger;  the  other  set  received  the 
light  reflected  from  the  surface  of  the  object  and  conducted  it 
back  to  the  control  unit  where  it  was  converted  to  an  electrical 
signal  proportional  to  the  amount  of  reflected  light.  Various 
patterns  of  transmit/receive  filaments  can  be  used  for  different 
applications  (see  Fig.  36). 


K'  ^ 


(J  Transmitting  Fiber 


Receiving  Fiber 


Figure  36;  Fotonic  sensor  fibers. 

To  obtain  a  graphic  record  of  the  waveform  produced  by  deflec¬ 
tion,  the  rear  output  jack  of  the  control  unit  was  coupled  to  an 
oscilloscope  while  the  fiber  sensor  was  calibrated  at  a  distance 
of  0.005"  from  the  cold  finger.  The  basic  sensitivity  of  the 
probe  was  1  in/mV.  To  determine  erroneous  readings,  the  first 
trace  on  the  oscilloscope  (Fig.  37)  showed  background  noise 
without  the  unit  running.  Fiber  distribution  in  the  sensor 
probe  is  random  placement,  with  the  probe  diameter  0.109"  and 
each  fiber  diameter  0.0025". 

The  first  measurement  was  taken  off  the  top  periphery  of  the 
cold  finger  (x  plane),  giving  a  displacement  of  0.00016". 
Vertical  displacement  (y  plane)  showed  0.00032"  and  the  front- 
to-rear  movement  (z  plane)  indicated  0.00016".  Tests  to  deter¬ 
mine  how  much  of  this  displacement  was  due  to  movement  of  the 
unit,  and  how  much  was  due  to  cold-finger  pulsing  from  pressure 
variations  within  the  cold  finger  were  not  conducted  since  the 
readings  fell  within  specifications. 
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8. 


PROBLEMS  AND  SOLUTIONS 


The  various  problems,  and  their  solutions,  encountered  during 
assembly  and  running-in  of  the  refrigerators  are  summarized  in 
the  following  paragraphs. 

S/N  1 

To  establish  a  life  expectancy  of  the  refrigerator,  this  unit 
was  supplied  to  JHU/APL  for  evaluation  (Ref.  JHU  Progress  Test 
Report  for  S/N  1  Performance  QM-76-041,  April  14,  1976). 
Initial  testing  gave  no  indication  that  major  problems  would 
arise  after  a  short  period  (1000  hrs).  After  this  time,  a 
steady  rise  of  both  temperatures  at  the  cold  finger  suggested  a 
number  of  possibilities,  viz.,  second-stage  seal  separation  from 
the  regenerator;  failure  of  the  displacer  rod  seal  in  the 
piston;  collapse  of  the  piston  Bal-seal;  collapse  of  the  1st 
stage  regenerator  Bal-seal;  gear  slippage  on  the  crankshaft 
creating  a  timing  problem  or  angular  shift  in  the  displacer  rod 
in  relation  to  the  piston  rod;  contamination. 

Examination  of  the  displacers  showed  excessive  debris  had 
accumulated  at  the  top  of  the  first-stage  displacer  and  further 
debris  extended  up  the  wall  of  the  second  stage  displacer, 
with  severe  rubbing  marks  on  the  second  stage  seal  (Fig.  38). 
To  identify  the  source  of  the  debris,  samples  were  removed  from 
the  outer  walls  of  the  displacers  (referred  as  Reg.  Test  #1)  and 
also  from  inside  the  cold  finger  (referred  as  Finger  Test  #2). 
These  samples  along  with  the  four  known  substances  used  within 
the  refrigerator,  i.e.,  Krytox  grease,  Rulon,  Nema,  Bal-seal, 
were  submitted  for  infrared  spectroscopy  to  Spectrochem  Labora¬ 
tories,  Inc.  of  New  Jersey.  The  results  of  testing  the  two 
unknown  samples  were:  Reg.  Test  #1  was  found  to  contain  33%  bi- 
weight  Rulon,  33%  by  weight  Bal-seal,  34%  by  weight  an  ammonium 
compound.  Finger  Test  #2  contained  the  Telfon  from  of  the 
Bal-seal.  It  was  concluded  that  frozen  droplets  of  moisture 
were  responsible  for  initiating  the  debris. 
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Extensive  cleaning  of  both  regenerators  did  not  improve  the 
poor  performance  of  the  second  stage  regenerator;  this  was 
subsequently  replaced.  Performance  improved  to  an  acceptable 
level  whereby  the  unit  was  again  put  on  life  test  at  APL  when  a 
second  performance  taiJure  occurred  on  July  28,  1976. 

Since  the  unit  was  still  producing  cold  in  the  cryogenic  range, 
it  seemed  unlixely  th.at  moisture  inside  the  unit  would  be 
the  cause;  however,  upon  removing  the  cold  finger  to  expose  the 
regenerators,  droplets  of  moisture  were  observed  on  the  regen¬ 
erators  and  on  the  inner  walls  of  the  cold  finger.  The  cause  of 
this  amount  of  moisture  was  attributed  to  high  humidity  in  the 
assembly  area  when  the  unit  was  assembled.  Consequently, 
further  evaluation  of  purging  procedures  was  necessary. 


S/N  2 

The  random  vibration  tests  conducted  at  JHU/APL  on  refrigerator 
S/N  1,  and  the  subsequent  effect  on  the  cold  finger,  resulted  in 
the  reduction  of  the  copper  flanges  on  all  remaining  cold 
fingers.  During  machining  of  the  cold  finger  flanges  on  S/N  2, 
the  2nd  stage  seal  area  in  the  cold  finger  relaxed  slightly 
(estimated  at  about  0.0002").  This  was  sufficient  to  affect  the 
fit  of  the  2nd  stage  displacer  seal  within  the  finger.  A  new 
seal  was  fitted  to  the  regenerator  and  machined  to  suit  the 
cold  finger  bore.  The  effect  on  the  remaining  cold  fingers  and 
displacer  seals  was  negligible  since  the  seals  still  required 
finish  machining. 

S/N  3 

The  first  indication  of  problems  with  the  displacer  rods  arose 
during  the  running-in  period  of  the  piston  Bal  seal.  The  piston 
and  Bal  seal  were  fitted  to  the  piston  rod,  and  the  extension 
displacer  had  been  screwed  onto  the  displacer  rod.  The  intended 
24  hr  running-in  period  was  terminated  when  the  thread  holding 
the  extension  displacer  sheared.  Examination  of  the  remaining 
displacer  rods  showed  that,  as  a  result  of  quenching  the  rods 
after  heat  treatment,  the  threads  at  each  end  of  the  rods  bent 
away  from  the  centerline  of  the  rod.  The  problem  was  corrected 
by  counter  boring  the  base  of  the  extension  displacer  and 
inserting  a  steel  sleeve  for  locating  the  top  shoulder  of  the 
displacer  rod.  To  allow  the  sleeve  bore  and  the  rod  shoulder  to 
align  correctly,  the  thread  on  the  top  of  the  displacer  rod  was 
eased . 

S/N  4 

The  extension  displacer  was  modified  as  with  S/N  3.  Testing  of 
this  refrigerator  was  halted  when  JHU/APL  indicated  that  the 
performance  of  refrigerator  S/N  1  was  failing.  Inspection  of 
S/N  1  revealed  moisture  within  the  refrigerator.  This  discovery 


76 


prompted  a  review  of  the  purging  procedures  with  modifications 
to  the  purging  hardware  (see  Section  5).  The  new  purging 
procedure  was  applied  to  S/N  4  before  restarting  the  test. 

S/N  5 

Alignment  of  the  extension  displacer  with  the  displacer  rod  was 
again  a  problem  as  with  S/N  3  and  S/N  4.  A  steel  sleeve  was 
inserted  in  the  base  of  the  extension  displacer  to  provide 
location  for  the  displacer  rod  (see  also  S/N  6). 

S/N  6 

The  alignment  problem  between  the  displacer  rod  and  the  extens¬ 
ion  displacer  was  eliminated  with  a  displacer  rod  having  ground 
threads.  The  threads  were  ground  into  the  ends  of  the  displacer 
rod  after  heat  treatment  of  the  rod. 

As  a  result  of  the  comparative  ease  of  completing  alignment 
between  the  displacer  rod  and  the  extension  displacer  in  S/N  6, 
S/N  5  was  retrofitted  with  a  new  rod  with  ground  threads.  The 
alignment  between  the  displacer  rod  and  the  extension  displacer 
in  S/N  5  was  accomplished  without  any  trouble. 

The  location  of  the  1st  stage  displacer  Bal-seal  was  machined 
to  maximum  tolerance.  The  result  was  excessive  friction  between 
the  seal  and  the  seal  area  inside  the  finger  (an  extra  8.5  W  of 
input  power  was  required).  The  seal-location  diameter  was 
reduced  by  0.005",  and  input  power  fell  below  28  W.  Combined 
with  the  reduction  of  input  power  was  a  loss  of  performance. 
Thorough  examination  of  component  parts,  including  displacer 
X-ray,  showed  no  evidence  of  a  fault  within  construction.  The 
working  gas  pressure  of  the  refrigerator  was  increased  to 
76  psia,  and  performance  returned  to  an  acceptable  level  with  a 
power  requirement  of  29.96  W  for  a  cold  production  of  0.3  W  at 
77®K  on  the  second  stage  of  the  cold  finger. 


The  inside  faces  of  both  crankcase  coverplates  were  covered  with 
discs  of  "Corning  Thirsty  Vycor".  The  discs  were  to  act  as 
moisture  collectors  in  a  further  effort  to  reduce  any  moisture 
which  might  affect  the  refrigerator  performance.  The  effective¬ 
ness  of  the  discs  was  uncertain,  and  when  the  pressure  trans¬ 
ducer  within  the  crankcase  failed  and  had  to  be  replaced,  the 
coverplates  containing  the  discs  were  discarded  and  new  plates 
(less  the  discs)  were  fitted  to  the  crankcase. 
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CONCLUSIONS 


The  objective  of  this  program  to  develop,  fabricate  and  deliver 
six  (6)  long-life,  maintenance-free,  Stirling-cycle  refriger¬ 
ators  was  accomplished.  Except  for  weight,  which  was  exceeded 
by  1.8  lbs,  all  specifications  were  met  or  bettered.  The 
engineering  model  at  JHU/APL  was  successfully  life-tested  for 
one  (1)  year. 

10.  RECOMMENDATIONS 

a.  Avoid  soft  or  potentially  porous  materials  for  the  outer 
envelope.  Reduce  the  number  of  interface  joints  which 
contain  seals,  and  replace  by  welded  seams. 

b.  Eliminate  elastomer  seals  and  replace  with  metal  seal 
rings  at  interfaces  where  weld  joints  are  impractical. 

c.  Reposition  dc  stator  windings  outside  the  crankcase  to 
minimize  potential  contamination  entrapment  areas  and  to 
reduce  the  number  of  feed-throughs. 

d.  Modify  the  interfaces  between  displacers  to  eliminate 
alignment  problems. 

e.  Investigate  unsupported  metal  bellows  for  extending  life 
expectancy  of  the  refrigerator. 

f.  Further  develop  balancing  procedures,  with  the  possibility 
of  using  a  more-sensitive  dynamic  balancing  machine. 
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APPENDIX  A 


BASIC  THEORY  OF  THE  STIRLING-CYCLE  REFRIGERATOR 


In  this  section  a  brief  outline  of  the  basic  principles  of  the 
Stirling  cycle  is  presented ^ ^ ^  From  an  elementary  theory  the 
general  properties  of  the  cycle  will  be  derived  with  a  discussion 
of  the  most  important  losses.  it  should  be  noted  that  the  pre¬ 
sentation  is  essentially  taken  from  Part  Two  of  reference  1.  For 
a  more  extensive  treatment  of  the  subject  reference  should  be  made 
to  the  original  paper^ ° ^  . 


Fundamental  Cycle 


In  the  ideal  Stirling  cycle,  the  cold  is  produced  by  the  reversible 
expansion  of  a  gas.  The  gas  performs  a  closed  cycle,  during  which 
it  is  alternately  compressed  at  ambient  temperature  in  a  compression 
space  and  expanded  at  the  desired  low  temperature  in  an  expansion 
space,  thereby  reciprocating  between  these  spaces  through  one  con¬ 
necting  duct,  wherein  a  regenerator  provides  for  the  heat  exchange 
between  the  outgoing  and  the  returning  gas  flow.  Figure  1  shows 
stages  in  carrying  out  the  ideal  cycle. 


In  this  diagram,  A  is  a  cylinder,  closed  by  the  piston  B,  and  con¬ 
taining  a  nearly  perfect  gas.  A  second  piston,  the  displacer  C, 
divides  the  cylinder  into  two  spaces,  D  at  room  temperature  and  E 
at  the  low  temperature,  connected  by  the  annular  passage  F.  This 
passage  contains  the  regenerator  G,  a  porous  mass  with  a  high  heat 
capacity;  the  temperature  in  the  passage  is  shown  in  the  graph. 

The  cycle,  consisting  of  four  phases,  runs  as  follows: 

I  Compression  in  space  D  by  the  piston  B;  the  heat  of  com¬ 
pression  is  discharged  through  the  cooler  H. 


^  Dr.  J.  W.  L.  Kohler  "The  Gas  Refrigerating  Machine  and  Its 
Position  in  Cryogenic  Technique,"  Progress  in  Cryogenics  2, 
41-67  (1960)  London,  Heywood  and  Company  Ltd. 

A.  Daniels,  "Cryogenics  for  Electro-Optical  Systems,"  Electro- 
Optical  Systems  Design,  vol.  3,  pp.  12-20,  July  1971. 

J.  W.  L.  Kdhler  and  C.  0.  Jonkers,  Philips  Tech  Rev.  1^ 

69-78,  105-115  (1954) 
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Figure  1.  The  ideal  Stirling  cycle.  The  Figure  showt  the  different  positions  1-4,  according 
to  Figure  2.  I-IV  refer  to  the  four  phases  of  the  cycle.  The  graph  on  the  right  shows  Uu 
temperature  distribution  in  the  machine 


II  Transfer  of  the  gas  through  the  regenerator  to  space  E 
by  movement  of  the  displacer.  The  gas  is  reversibly 
cooled  down  in  the  regenerator,  the  heat  of  the  gas 
being  stored  in  the  regenerator  mass. 

Ill  Expansion  in  the  cold  space  by  the  combined  movement  of 
the  piston  and  the  displacer;  the  cold  produced  is  dis¬ 
charged  through  the  freezer  J,  and  utilized. 

IV  Return  of  the  gas  to  space  D;  thereby  the  gas  is  reheated, 
the  heat  stored  in  the  regenerator  being  restored  to  the 
gas  . 

With  no  regenerator  present  the  gas  flowing  to  the  expansion  space 
would  arrive  there  at  ambient  temperature,  whereas  the  returning 
gas  would  arrive  in  the  compression  space  at  the  low  temperature; 
this  effect  would  cause  such  a  tremendous  cold  loss  that  the  whole 
process  would  become  futile.  In  an  ideal  regenerator,  a  temper¬ 
ature  gradient  is  established  in  the  direction  of  the  gas  flow. 

This  causes  the  gas  to  be  cooled  down  reversibly,  so  that  it  arrives 
in  the  expansion  space  with  the  temperature  prevailing  there. 
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Fitjvire  f  shows  the  p-V'  dinpram  of  this  schematic  cycle,  neglecting 
the  dead  space.  It  consists  of  two  isotherms  and  two  isochores ; 
at  (compression  temperature)  the  amount  of  heat  is  rejected, 

at  T  (expansion  temperature)  the  amount  of  heat  Q  is  absorbed. 

Hi  Hi 


Figure  2.  p-V  diagram  of  the  ideal  cycle  between 
the  temperatures  Tc  and'Ts,  where  the  amounts  of 
heat  Qc  and  Qm  are  discharged  and  absorbed, 
respectively.  The  heat  Q,,  rejected  in  phase  II,  is 
stored  in  the  regenerator  and  absorbed  in  phase  IV 

Actually,  the  discontinuous  movement  of  the  pistons  is  difficult 
to  achieve.  In  practice,  the  pistons  are  actuated  by  a  cranlc 
mechanism  and  are  thus  moving  harmonically;  for  the  machine  to 
act  as  a  refrigerator,  the  expansion  space  E  (Figure  1)  has  to 
lead  in  phase  with  respect  to  the  compression  space  D.  The  har¬ 
monic  motion  and  the  volume  of  the  heat  exchangers  (the  so-called 
'dead  space')  cause  the  four  phases  of  the  cycle  to  merge  somewhat, 
so  that  they  cannot  be  distinguished  very  well;  the  gas  is  not 
exclusively  compressed  in  the  compression  space,  but  also  in  the 
expansion  space,  and  the  same  holds  for  the  expansion.  It  can  be 
shown  however  that  the  difference  in  output  between  the  discontin¬ 
uous  and  the  harmonic  process  is  only  a  few  percent. 


Tlio  f  uiulanion  n  I  cyclo  is  oxplained  here  with  the  help  of  the  dis¬ 
placer  machine.  The  reason  is  that  actual  machines  are  also  of 
this  type.  It  will  be  obvious,  however,  that  the  cycle  may  be 
described  more  generally  by  two  synchronously  changing  volumes 
interconnected  by  a  cooler,  a  regenerator,  and  a  freezer,  whereby 
the  volume  that  is  leading  in  phase  becomes  the  expansion  space 
wherein  the  cold  is  produced.  Formulae  for  the  pressure  variation, 
the  refrigerating  capacity,  and  the  shaft  power  for  this  general 
case  will  be  given  in  the  next  section. 

Performance  of  the  Ideal  (Isothermal)  Cycle 

In  the  ideal  machine,  the  thermal  contact  in  the  heat  exchangers 
is  assumed  to  be  perfect,  so  that  the  gas  temperature  there  is 
equal  to  the  temperature  of  the  walls;  the  same  temperature  is 
supposed  to  prevail  in  the  adjoining  cylinders,  which  temperatures 
thus  are  constant  with  time.  The  regenerator  is  also  assumed  to 
be  perfect,  so  that  no  regeneration  loss  occurs  and  the  gas  temper¬ 
ature  there  is  also  constant  with  time.  The  working  fluid  is  sup¬ 
posed  to  be  a  nearly  perfect  gas;  this  condition  can  be  met  suf¬ 
ficiently  by  using  hydrogen  or  helium  in  practice. 

(1)  Pressure  variation.  For  the  expansion  space  (temperature 

T„)  and  the  compression  space  V  (temperature  T  )  we  write 
E  C  C 

^  V^(l  +  cosa) 

Vc  =  ^  wVo[i  +  cos(a-^J)-| 

where  is  the  maximum  volume  of  the  expansion  space,  w  the  ratio 
of  the  swept  volumes  of  the  compression  and  the  expansion  space, 
and  the  phase  difference  between  these  spaces;  the  crank  angle 
r  (=  0  for  V  =  V  )  changes  linearly  with  time  (a  =  uut)  .  The 
volumes  of  the  freezer,  the  regenerator,  and  the  cooler,  which 
form  the  connecting  channel  (the  dead  space),  will  be  indicated 
by  Vg  with  the  corresponding  temperature  Tg  ,  The  variation  of  the 
pressure  p  with  time  (or  a)  now  follows  from  the  condition  that  the 
mass  of  the  system  as  a  whole  is  constant: 


2^:]  = 


constant  = 


where  M  is  the  molecular  weight  of  the  gas,  R  is  the  gas  constant, 
and  C  is  a  constant.  After  introduction  of  V„  and  V_  from  equation 

£4  L 

(1)  and  of  the  symbols 

T'c 

T  =  ~ ,  the  temperature  ratio 
Te 

and 

j  =  ^  space 

(reduced  to  the  swept  volume  of  the  expansion  space  and  normal¬ 
ized  to  the  temperature  of  the  compression  space  T^) ,  this  reduces 


-  =  TC08o  +  f<;coa(o— ^)+r+B)+2f 


This  expression  is  easily  transformed  into 


=  ^cos(a-0)  +  B  =  B[l+5cos(o-tf)] 


with  the  abbreviations 

A  =  -Y/(T*+tc*+2TWCos<^);  B  =  t+w+2j 

a  wsini^ 

_  =  S:  tantf  =  — — rrTi 

J5  ’  T  +  WCOS<p 

The  constant  A  may  be  interpreted  as  two  times  the  total  change  of 
volume,  while  B  equals  two  times  the  mean  total  volume,  both  reduced  to 
and  normalized  to  T^.  For  the  pressure  p  we  thus  find 


^  Bl+Sco8(a-fl) 
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wliicli  may  be  written  mei  e  conveniently 


_  _  A«in(^+S) 

^  l+Sco8(a  — l+Scos(a  — 6) 


(2) 


with  the  introduction  of  p  and  p  for  the  maximum  and  minimum 

'^^max  ^min 

vaLies  of  the  pressure  during  the  cycle. 

Expression  (2)  shows  that  the  pressure  variation  with  time  is  not 

purely  harmonic.  In  practice,  the  deviation  of  harmonic  behaviour 

is  rather  small  however  (the  function  is  symmetrical  with  respect  to 

p  and  p  ,  ,  which  points  are  180°  apart)  ,  as  tlie  value  of  6  sel- 

^  max  ^min 

dom  exceeds  0.4.  This  means  that  the  pressure  ratio  of  this  type 
of  machine 

==  It* 

/>tnm  1-8 

is  about  2,  a  remarkably  low  value  compared  with  what  is  normal  i.n 
refrigerating  apparatus.  The  presence  of  the  phase  angle  9  shows 
that  the  pressure  variation  is  not  in  phase  with  the  variation  of  t  h. 
expansion  or  the  compression  space;  it  is  easily  checked  tliat  its 
phase  is  intermediate  between  that  of  these  spaces  (0  d  for  "  o) 
It  will  be  found,  for  this  reason,  heat  is  absorbed  in  the  exiiansion 
Space  and  liberated  in  the  compression  space.  For  later  reference, 
Qiven  here  is  the  expression  for  the  mean  pressure  p^  ,  dedr.ced  by 
integrating  the  pressure  with  respect  to  the  crank  angle  a; 
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(2)  Heat  absorption  in  cylinders.  The  heat  absorbed  per  cycle  in 
the  expansion  space  (Qj^)  ^nd  in  the  compression  space  (Q^.  a  neg¬ 
ative  quantity)  is  given  by 

Qe  =  Qc  =  fpdVc 

That  these  expressions,  which  are  normally  used  for  spaces  with  a 
constant  gas  content,  may  also  be  used  in  the  case  where  gas  enters 
and  leaves  the  space  can  be  proved  by  an  involved  thermodynamic 
reasoning  which  is  omitted  here.  It  is  easily  seen  that  the  value 
of  the  integrals  depends  only  on  the  components  of  p  which  have 
the  same  phase  as  dV  and  dV  ;  this  means  that  0  <  0  <  ^  if  the 
machine  has  to  operate  as  a  refrigerator.  Evaluation  of  the  inte¬ 
grals  leads  to 


„  J7 tvsind) 
Qe  =  -  ^Opm  — g— 


Qc  —  ~r!?E 
a  =  1  +  \/(  1  —  S*)  ~  2 


For  practical  use,  equation  (4)  may  be  transformed  into  q^,  the 
heat  absorbed  per  second  (or  the  refrigerating  capacity)  by  insert¬ 
ing  n,  the  number  of  revolutions  per  minute.  If  is  expressed 

3-2  ^ 

in  cm  ,  p  in  kg  cm  ,  and  q„  in  watts,  it  is  found  that 
m 


5-136  n  ws'inifi 

(in  watts) 


Expression  (4a)  shows  that,  besides  with  and  n,  the  output  is 
proportional  to  p^  and  inversely  proportional  to  the  function  B, 
which  was  defined  as  the  mean  reduced  and  normalized  volume.  The 
consequences  of  the  dependence  on  the  mean  pressure  and  the  temper¬ 
ature  ratio  (t  is  also  contained  in  s) ,  which  constitutes  one  of 
the  features  of  the  process,  will  be  discussed  at  more  length  later. 
According  to  expression  (4a)  an  increase  of  the  dead  space  s  reduces 
the  output/^  as  could  be  expected.  A  discussion  on  the  influence  of 
the  design  constants  w  and  ^6  would  be  very  elaborate  and  lengthy  and 
is  therefore  outside  the  scope  of  this  report;  their  choise  depends 
largely  on  the  losses  of  the  process. 


(  .'1  Shntt  pciwc-i'  atid  <' f  f  i  r  i  ont'^. 
t-h<^  machine  one  may  write 


For  the  work  W  needed  to  drive- 


V,  ,  ,,  tt'sini 

IF=  (r-l)l>t= 


...(5) 


I'sing  equation  (5)  the  efficiency  of  the  cycle  is 


Qv.^  1  ^  Te 

w  T-1  7'e-7E 


... (6) 


The  efficiency  of  the  ideal  cycle  thus  equals  that  of  the  Carnot 
cycle;  this  is  obvious  as  the  cycle  is  completely  reversible. 


Although  in  actual  machines  the  performance  is  reduced  by  losses, 
to  be  discussed  in  the  next  section,  the  ideal  cycle  has  to  be  con¬ 
sidered  as  the  reference  process,  because  most  essential  facts 
can  be  deduced  from  it. 


•before  closing  this  section  two  remarks  on  the  representation  of 
the  process  will  be  made.  The  first  remark  concerns  the  represen¬ 
tation  in  a  thermodynamic  diagram  (e.g.,  p  vs  V,  T  vs  S,  etc.). 
These  diagrams  always  relate  to  a  fixed  quantity  of  the  working 
fluid,  which  has  to  be  in  internal  equilibrium  (equal  p  and  T 
throughout) ;  this  quantity  is  passed  through  a  number  of  thermo¬ 
dynamic  states  and  (at  least  in  a  closed  system)  is  returned 
i;i  i.i.mately  to  its  initial  state,  so  that  a  cycle  is  described. 
Looking  at  the  Stirling  process,  it  is  found  that,  in  so  far  as 
cyclic  behaviour  is  concerned,  nothing  abnormal  is  at  hand.  How¬ 
ever,  the  system  is  not  homogeneous  at  all,  as  different  parts  of 
it  fiave  a  different  temperature.  As  a  consequence,  different  gas 
particles  describe  completely  different  cycles  between  different 
temperatures;  to  mention  only  two  extreme  examples,  some  particles 
are  reciprocating  between  the  compression  space  and  a  point  in  the 
cooler,  while  other  particles  are  reciprocating  between  a  point  in 
the  freezer  and  the  expansion  space.  That,  because  of  this  situa¬ 
tion,  normal  diagrams  have  lost  their  value  is  shown  by  the  fact 
that  one  would  have  to  draw  an  infinite  number  of  diagrams  for  the 
diverse  particles  with  different  cycles,  which  obviously  leads 
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novsiioro.  The  only  diaqram  which  still  has  some  sense  is  the  p-V 
diagram,  as  the  system  is  homogeneous  in  p.  But  in  such  a  diagram 
one  is  not  allowed  to  draw  isotherms  or  adiabates,  as  these  lines 
have  lost  their  meaning.  To  avoid  this  difficulty  when  drawing 
Figure  2,  the  dead  space  was  assunjed  to  be  zero;  in  t]:iat  c^se 
isotherms  may  be  drawn,  since  only  then  the  gas  is  at  thermal 
equilibrium  during  the  compression  and  the  expansion.  When  the 
adiabatic  losses  are  discussed  in  the  next  section,  this  subject 
will  have  to  be  returned  to.  The  second  remark  concerns  the 
description  of  the  cycle  in  a  schematic  form.  The  transfer  of  the 
gas  from  the  compression  space  to  the  expansion  space  and  vice 
versa  is  performed  with  constant  volume  of  the  gas;  this  is  the 
simplest  representation,  as  the  transfer  can  be  effected  by 
the  movement  of  the  displacer  only.  But  this  way  of  transfer  is 
only  one  example  of  a  multitude  of  possibilities  which  exhibit 
the  common  property  that  regeneration  is  possible.  As  another 
example  consider  transfer  at  constant  pressure,  which  way  of  trans¬ 
fer  approximates  the  harmonic  cycle  much  better.  The  only  reason 
why  this  manner  of  transfer  is  not  used  to  explain  the  cycle  is 
that  it  can  only  be  accomplished  by  simultaneous  movement  of  the 
piston  and  the  displacer,  which  obviously  is  more  complicated. 

This  point  is  stressed  because  at  many  places  in  literature  the 
transfer  with  constant  volume  is  considered  to  be  one  of  the  main 
characteristics  of  the  Stirling  cycle,  to  contrast  it  with  the 
cycle  of  Claude  (wi »h  separate  compressor  and  expander),  where 
the  transfer  is  performed  at  constant  pressure.  As  explained,  this 
view  does  not  correctly  locate  the  distinction  between  the  two 
cycles,  the  real  difference  being  that  in  the  Stirling  cycle  the 
gas  is  reciprocating  through  one  connecting  duct,  wherein  the  heat 
exchange  is  brought  about  by  regeneration,  whereas  in  the  Claude 
cycle  the  connecting  circuit  consists  of  a  counter-flow  heat 
exchanger  (with  two  channels) .  Apart  from  the  restriction  contained 
in  the  first  remark  the  Stirling  cycle  thus  closely  resembles  the 
Claude  cycle  thermodynamically. 


The  Cycle 

As  stated  already,  the  actual  cycle  differs  from  the  ideal  one  by 
I  he  occurrence  of  losses.  For  a  fuller  discussion  on  this  subject 
ii'lerence  is  made  to.  the  original  paper^  ^  ^  ,  here  only  the  most 
characteristic  effects  will  be  treated. 

The  losses  can  affect  the  process  in  two  different  ways,  viz,, 
by  increasing  the  shaft  power  and  by  decreasing  the  refrigerating 
capacity;  the  smaller  the  ideal  values  of  these  quantities,  the 
more  pronounced  will  be  the  relative  effect.  Figure  3  illustrates 
that  increase  of  the  shaft  power  exerts  the  greatest  influence  at 
high  refrigerating  temperatures,  while  decrease  of  the  output  creates 
the  most  adverse  effects  at  low  temperatures.  In  this  way  a  temper¬ 
ature  range  arises,  the  "optimum  working  range",  wherein  the  actual 
efficiency  differs  least  from  the  ideal  one  (i.e.,  where  the  figure 
of  merit  is  highest) .  This  range  may  be  shifted  both  to  higher 
and  to  lower  temperatures  by  suitable  design;  moreover,  its  limits 
greatly  depend  on  present  and  future  technological  possibilities. 


Figure  3 .  Graphs  <,}  the  shaft  poner  i‘  and  the  r^'tger- 
ating  capacity  Hf.’  as  a  function  of  temperature.  The  full 
lines  apply  to  the  ideal  process,  the  dotted  Itnes  to  an 
actual  machine  zdth  losses 


The  increase  in  shaft  power  is  mainly  due  to  three  causes,  namely, 
the  mechanical  loss  of  the  drive,  the  flow  loss  (that  is,  the  power 
needed  to  force  the  gas  through  the  narrow  connecting  circuit)  and 
the  adiabatic  loss.  The  first  two  losses  need  no  further  comment, 
but  the  adiabatic  loss  will  be  discussed  at  greater  length.  In 
the  ideal  isothermal  process  it  was  assumed  that  the  temperature 
in  the  cylinders  is  constant  with  time.  This  means  that  the  thermal 
contact  between  the  gas  and  the  wall  in  the  cylinder  spaces  is 
assumed  to  be  so  perfect  that  these  walls  can  be  employed  as  well 
to  establish  the  contact  between  the  gas  and  the  surroundings, 
that  is,  to  serve  as  cooler  and  freezer.  In  this  case,  separate 
heat  exchangers  are  of  no  use  and  must  be  omitted;  this  ideal 
machine  thus  consists  of  the  two  cylinders  and  the  regenerator  and 
is  therefore  referred  to  as  the  "three-element  machine". 

Actually,  the  separate  heat  exchangers  are  introduced  because  the 
thermal  contact  between  the  gas  and  the  cylinder  walls  is  always 
so  poor  that  insufficient  heat  exchange  with  the  surroundings  can 
be  established  through  these  walls;  for  this  case  the  name  "five- 
element  machine"  is  used.  As  a  consequence,  the  temperature  of  the 
gas  in  the  cylinders  changes  nearly  adiabatically  with  time.  This 
adiabatic  behavior  has  only  a  minor  influence  on  the  efficiency 
(it  would  be  too  involved  to  give  the  full  explanation  here;  it  is 
based  on  the  fact  that  these  processes  occur  in  both  cylinders  with 
the  same  phase,  so  that  the  temperature  ratio  is  independent  of  time) , 
but  in  this  case  the  heat  (or  the  cold)  must  be  transported  from  the 
cylinders  to  the  heat  exchangers.  This  transport  can  only  be  effected 
by  the  reciprocating  gas  which  performs  it  by  assuming  different 
temperatures  when  flowing  in  opposite  directions,  with  the  result 
that  the  mean  temperature  in  each  cylinder  deviates  from  that  in 
the  adjoining  heat  exchanger.  Figure  4  shows  schematically  the  tem¬ 
perature  distribution  in  the  machine.  It  will  be  observed  that  the 
mean  temperature  in  the  expansion  cylinder  is  lower  than  that  of 
the  freezer  and  that  the  mean  temperature  in  the  compression  cylinder 
is  higher  than  that  of  the  cooler.  This  means  that  the  ratio  of  the 
cylinder  temperatures  is  higher  than  that  of  the  temperatures  of  the 
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Figure  4.  Tcmpfrature  Jistrihution  in  the  ndinbatic 
' five-elemenl  machine' .  The  contact  uiih  the  surround- 
inns  IS  effectuated  hy  the  cooler  and  the  jreezer.  The 
mean  temperature  in  the  compression  space  Te,.  is  /iig/ier 
than  the  cooler  temperature  Tr  as  heat  must  be  trans¬ 
ported  from  the  cylinder  to  the  cooler;  by  the  same  arn’u- 
ment  the  mean  temperature  in  the  expansion  space 
IS  lower  than  that  of  the  freezer  T*. 


heat  exchangers,  which  causes  an  increase  in  shaft  power.  Strictly 
speaking,  the  expression  "adiabatic  loss"  is  t'nerefore  misleading 
and  should  be  replaced  by  "transport  loss".  it  is  adhered  to 
though,  because  ultimately  the  adiabatic  behavior  is  the  fundam¬ 
ental  cause  that  has  necessitated  the  introduction  of  separate  heat 
exchangers.  Because  the  value  of  the  temperature  ratio  t  is  larger 
in  the  adiabatic  than  in  the  isothermal  case,  one  would  expect  also 
a  decrease  in  refrigerating  capacity;  this  influence  is  very  small, 
however,  as  the  larger  value  of  t  is  nearly  compensated  by  a  decrease 
of  the  quantity  B,  the  mean  relative  volume  of  the  working  circuit, 
which  quantity  has  anotlier  form  in  the  adiabatic  case. 

In  the  above  discussion  the  use  of  the  expressions  "adiabatic  com¬ 
pression"  or  "expansion  has  been  intentionally  avoided.  The  reason 
is  that  the  gas  is  compressed  and  expanded  everywhere  in  the  working 
space;  its  behavior  during  these  processes,  however,  depends  largely 
on  the  condition  of  heat  transfer  prevailing  in  the  various  sections 
of  the  volume.  While  in  the  cv'linders  the  gas  temperatures  change 
nearly  adiabatical ly ,  this  is  not  the  c:ase  in  the  connecting  circuit; 
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in  the  rcqcnorntor ,  for  example,  the  heat  transfer  is  so  high, 
that  the  behavior  is  practically  isothermal.  Thus,  while  the 
actual  Stirling  process  is  certainly  not  isothermal,  it  would  be 
incorrect  to  call  it  adiabatic.  This  situation  thus  furnishes 
still  another  example  for  the  previously  made  remark  that  thermo¬ 
dynamic  diagrams  are  of  little  value  for  this  process. 

The  decrease  of  the  i ef rigerat ing  capacity  is  mainly  due  to  two 
effects,  the  flow  loss  and  the  insulation  loss.  Again  no  comment 
is  made  on  the  flow  loss.  Also  the  insulation  (and  conduction) 
loss  proper  needs  no  discussion.  There  exists  another  loss,  how¬ 
ever,  that  acts  as  an  insulation  loss  as  well  which  has  the  utmost 
importance  for  the  quality  of  the  process.  This  loss,  caused  by 
the  non-ideal  behavior  of  the  renerator,  will  now  be  discussed. 


It  is  obvious  that  in  the  Stirling  process  ideal  regeneration  is 
possible  in  principle  as  the  same  amount  of  gas  passes  the  regener¬ 
ator  in  both  directions  with  the  same  temperature  difference,  so 
that  the  amount  of  heat  rejected  and  absorbed  by  the  gas  for  both 
directions  of  flow  is  the  same,  since  the  specific  heat  is  independent 
of  pressure  (which  is  practically  the  case  for  nearly  perfect  gases) . 
The  following  argument  shows  the  extreme  importance  of  a  small  depar¬ 
ture  from  ideality  of  the  regenerator,  caused  by  non-ideal  heat 
transfer.  In  the  regenerator  a  quantity  of  heat  must  be  absorbed 
and  rejected  in  each  cycle.  Owing  to  imperfections,  this  amount  is 
reduced  to  1  Q^,  where  is  the  efficiency  of  the  regenerator.  This 
means  that  only  part  of  the  available  heat  is  transferred  to  the 
regenerator.  The  rest,  that  is  {l-‘nj.)Qj.,  is  carried  along  with  the 
gas  through  the  regenerator,  so  that  the  gas  arrives  too  hot  in  the 
expansion  space.  This  remainder,  thus  constitutes  the  regeneration 

loss.  As  this  loss  must  be  made  up  from  the  cold  produced  Q^,  it 
must  be  compared  with  this  quantity.  Calculations  show  that 


Qz 


Tc-T^ 

Te 


...(7) 
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The  constant  depends  mainly  on  the  compression  ratio;  its  value 
is  approximately  10.  For  example,  take  =  300°K,  =  75°K,  and 
the  regeneration  loss  1-T1^=  1%;  then 


10  X  1  X  3  =  30  per  cent 


Thus  each  percent  of  regeneration  loss  involves  a  loss  of  30  per 
cent  in  refrigerating  power;  below  30°K  this  figure  even  increases 
to  greater  than  90  percent,  meaning  that  at  such  temperatures  the 
entire  cold  production  is  consumed  by  the  regenerator.  It  is  thus 
no  exaggeration  to  call  the  regenerator  the  heart  of  the  machine. 

The  regenerator  used  in  actual  gas  refrigerating  machines  consists 
of  a  mass  of  fine  metal  wire,  forming  a  light  felt-like  substance. 
With  this  type  of  material,  efficiencies  of  99  per  cent  and  higher 
can  be  obtained;  the  thermal  conductivity  of  the  material  is  very  low. 

This  section  will  be  ended  with  a  short  discussion  on  the  problem 
of  how  to  minimize  the  total  sum  of  the  losses;  this  problem  is 
very  involved  indeed,  so  that  only  a  very  broad  outline  can  be  given. 
As  an  example,  the  regenerator  will  be  considered.  The  losses  of 
the  regenerator  make  themselves  felt  in  three  different  ways,  viz., 
the  regeneration  loss  (reducing  the  cooling  power) ,  the  flow  loss, 
and  the  dead  space  (this  is  not  a  real  loss  as  the  shaft  power  is 
also  decreased;  it  exerts  its  influence  through  the  other  losses, 
as  these  increase  relatively) .  The  regeneration  loss  can  be  reduced 
by  making  a  longer  regnerator;  this,  however,  increases  the  flow 
loss  and  the  dead  space.  One  may  also  give  the  regenerator  a 
larger  cross-section;  this  reduces  the  flow  loss  and  somewhat  the 
regeneration  loss,  but  increases  the  dead  space.  Thus  it  is  possible 
to  find  optimum  dimensions  for  the  regenerator.  The  same  hold  for 
the  freezer  and  the  cooler,  where  the  regeneration  loss  is  replaced 
by  the  loss  due  to  insufficient  heat  transfer.  Moreover,  the  losses 
are  governed  by  the  choice  of  the  values  of  w  and  Finally,  the 
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outside  of  the  cooler  and  the  freezer  must  be  made  optimal.  Thus 
^  a  very  large  number  of  design  parameters  are  to  be  fixed  such  that 

the  total  result  gives  an  optimum  condition;  it  will  be  obvious  that 
a  lot  of  experience  is  needed  to  find  the  right  solution  quickly. 
This  is  compensated  by  the  fact  that  once  a  system  of  calculation 
is  worked  out,  it  holds  for  any  size  of  machine. 
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APPENDIX  B 


IMPROVEMENTS  TO  THE  BASIC  STIRLING-CYCLE 
EXPANSION  STAGING 


PHILIPS  LABORATORIES 


EXPANSION  STAGING  FOR  REGENERATIVE  CYCLES 


Regenerative  type  refrigeration  cycles,  e.g. ,  Vuilleumier  (VM) 
and  Stirling,  produce  cold  by  the  reversible  expansion  of  an 
ideal  gas.  The  number  of  expansion  stages  and  their  geometry 
have  a  significant  effect  on  the  efficiency  with  which  the  re¬ 
quired  cold  can  be  produced.  The  design  aspects  of  single  and 
multiple  expansion  refrigerators  are  discussed  below. 


1.  Single  Expansion 

The  characteristics  of  the  VM  and  Stirling  cycles  are  normally 
described  by  depicting  one  expansion  space  of  the  refrigerator 
(Ref.  1) .  The  configuration  of  a  typical  VM  or  Stirling  cycle 
"cold  cylinder",  i.e.,  expansion  space,  displacer,  and  regen¬ 
erator,  is  shown  in  Figure  1.  In  principle,  ideal  regeneration 


DISPLACER 
GAS  FLOW 


Figure  1:  Typical 
Single  Expansion 
Configuration 


is  possible  in  both  cycles,  since  the  same  quantity  of  gas  flows 
through  the  regenerator  in  both  directions,  with  the  same  tem¬ 
perature  difference,  i.e.,  T^  -  Tg.  The  amount  of  heat  rejected 
and  absorbed  by  the  gas  for  both  directions  of  flow  is  the  same, 
since  the  specific  heat  for  nearly  perfect  gases  is  essentially 
independent  of  pressure. 


In  actual  practice,  the  regeneration  is  not  ideal,  i.e.,  there 
is  a  small  departure  from  the  ideal  caused  by  imperfect  heat 
transfer.  In  a  typical  regenerator,  a  quantity  of  heat  Qr  must 
be  absorbed  and  rejected  during  each  cycle.  Due  to  various  im¬ 
perfections,  this  amount  is  reduced  to  7)^0^,  where  Tij-  is  the 
efficiency  of  the  regenerator.  This  means  of  course  that  not 
all  of  the  available  heat  is  transferred  to  the  regenerator. 

The  rest,  that  is  (l-Ti^)Qj,,  is  carried  along  with  the  gas 
through  the  regenerator,  so  that  the  temperature  of  the  gas 
flowing  into  the  expansion  space  is  somewhat  above  that  desired. 
This  remainder,  which  we  will  designate  as  AQr,  constitutes  the 
regeneration  loss.  Since  this  loss  must  be  made  up  from  the  re¬ 
frigeration  produced  Qg,  it  should  be  compared  with  Qg.  Calcu¬ 
lations  show  that; 


AQr 

Qe 


=  Cr(l  - 


Tlr) 


Tc  -  Te 
Te 


(1) 


The  constant  depends  mainly  on  the  compression  ratio  in  the 
refrigerator;  for  small  units,  its  value  is  approximately  10. 

For  example,  if  Tq  =  300°K,  Tg  =  75°K,  and  the  regeneration  loss 
l-'^j.  =  1%,  we  find: 


AQr 

Qe 


30% 


This  means  that  a  1%  loss  in  regeneration  involves  a  30%  loss  in 
refrigeration.  It  is  therefore  clear  that  for  efficient  opera¬ 
tion,  the  regeneration  loss  in  a  VM  or  Stirling  unit  has  to  be 
minimized. 

In  practice,  refrigerators  having  only  a  single  expansion  chamber 
are  referred  to  as  "single  expansion"  units. 


2 .  Possible  Improvements 

Equation  (1)  for  the  relative  regeneration  loss  suggests  two  pos¬ 
sible  methods  for  improving  the  refrigeration  process:  decreasing 
the  value  of  Cj.,  and  increasing  the  value  of  Tl^. 
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The  way  to  decrease  Cj-  would  be  to  increase  the  compression  ratio 
since  Cj-  depends  mainly  on  this  ratio.  At  present,  no  practical 
configurations  exist  to  achieve  this  in  either  the  VM  or  Stirling 
cycles . 

The  value  of  T|^,  about  99%  in  typical  regenerative  refrigerators, 
can  be  increased  somewhat.  Regenerators  with  efficiencies  of 
99.5%  and  higher  have  been  made.  However,  since  a  regenerator  with 
such  high  efficiencies  normally  has  very  high  flow  losses,  lower 
refrigerator  efficiency  will  result. 


3.  Double  Expansion 

To  avoid  the  disadvantages  cited  above.  Philips,  in  1963,  modi¬ 
fied  the  conventional  single  expansion  system  (Ref.  2) .  The 
modification  consisted  of  thermally  staging  a  number  of  expan¬ 
sion  processes  in  as  many  expansion  spaces.  The  method  is  some¬ 
what  analogous  to  the  Keesom  cascade  process,  except  that  no 
separate  thermodynamic  cycles  are  used,  since  the  complete 
cycle  is  performed  in  one  closed  system.  This  modified  cycle 
has  been  referred  to  as  the  "double  expansion"  cycle. 

In  this  method  the  expansion  is  performed  in  two  expansion 
spaces,  each  at  a  different  temperature.  The  spaces  are  con¬ 
nected  in  series,  with  regenerators  in  the  interconnecting 
passages.  The  displacer  used  in  the  single  expansion  machine 
has  been  adapted  to  the  double  expansion  process,  as  shown  in 
Figure  2.  The  additional,  intermediate  expansion  space  Mj,j  is 
obtained  by  "stepping"  the  diameter  of  the  displacer.  By  vir¬ 
tue  of  this  stepped  displacer,  volume  variations  of  the  two  ex¬ 
pansion  spaces  (E  and  M)  are  in  phase.  The  advantage  of  this 
type  of  construction  is  that  the  pressure  difference  across  the 
seal  between  the  expansion  spaces  is  small,  as  in  the  conven¬ 
tional  design. 

As  a  result  of  the  additional  expansion  space,  the  refrigera¬ 
tor  produces  cold  at  two  different  temperatures,  whereas  in 
the  conventional  process  cold  production  takes  place  at  only 
one  temperature.  The  resultant  advantages  are  discussed  in 
Paragraph  4. 

The  following  discussion  shows  how  this  system  reduces  the 
influence  of  the  regeneration  loss.  Assume  that  a  mass  of 
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COLO  SURFACE 


Figure  2;  Typical  double  expansion  configuration 


working  gas  nij^^  is  expanded  in  the  intermediate  expansion  space 
at  a  temperature  Tm-  3od  that  a  mass  of  working  gas  mg  is  expanded 
in  the  top  expansion  space  at  a  temperature  -  both  gases  ex¬ 

panding  from  a  pressure  Pi  to  a  pressure  p2 .  The  ideal  cold 
productions  in  the  expansion  spaces  are: 


Qe  =  ni^RT^ln(p^/P2) 


The  mass  flowing  through  regenerator  1  between  room  temperature 
and  the  intermediate  temperature  now  is  mj^^  +  m^.,  and  the  mass 
flowing  through  regenerator  2  between  the  intermediate  space 
and  the  expansion  space  is  m^.  The  regeneration  losses  for 
these  regenerators  are: 
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AQ 


rl  =  %  +  "'e*  -  TmI 

^Or2  =  -  ’'r2><’'M  -  ’'e> 


Hence,  the  relative  regeneration  losses  are: 


^°rl  "m  * 


m 


T  -  T 
E  ^  ,  ,  C  Mv 


M 


(2) 


— =  c  (1  -  n  )  - —) 

Q  "r2'  ^  T„  ’ 


It  should  be  noted  that  Cj.  again  has  the  same  value  if  P1/P2 
has  the  same  value,  i.e.,  about  10. 

Nov;  aQj-2/Qe  small,  because  Ti^  is  of  the  order  of  140°K,  and 
Tm-Te  therefore  less  than  Tq-T^,  the  quantity  that  occurred 
in  Equation  (1) .  The  consequence  is  that  little  of  the  cold 
production  in  the  top  expansion  space  is  lost,  thereby  result¬ 
ing  in  a  relatively  large  increase  in  net  cold  production. 

When  the  refrigerator  of  interest  needs  cold  at  one  level  only, 
no  net  production  Qj^  is  needed,  and  it  is  permissible  for 
AQri/QM  order  of  unity.  Taking  the  efficiency 

of  regenerator  1  to  be  98%,  it  follows  from  Equation  (2)  that: 


^Qrl  _  ^  _  "Lm  ^  "'e 

r\  —  U  •  ^ 


‘M 


Hence,  (mj^  +  m£)/mj^  can  have  a  value  of  about  5.  This  means  that 
in  a  refrigerator  using  a  double  expansion  configuration  only  a 
mass  of  about  one-fifth  of  the  total  mass  flowing  through  the 
first  regenerator  needs  to  be  expanded  in  the  intermediate  space; 
this  causes  only  a  relatively  small  increase  in  the  compression 
work. 
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4. 


Applications 

It  is  evident  from  the  foregoing  that  given  the  same  conditions, 
i,e.,  cold  production  at  a  given  operating  temperature,  the  double 
expansion  configuration  is  more  efficient.  There  is,  however, 
additional  complexity,  viz. ,  two  regenerators  instead  of  one. 

It  should  be  noted  that  an  intermediate  temperature  level  in  the 
double  expansion  configuration  offers  significant  advantages  in 
some  cases.  For  instance,  in  certain  applications  where  radia¬ 
tion  shielding  is  desirable,  the  shield  can  be  cooled  at  the  in¬ 
termediate  temperature  level.  The  required  refrigeration  can  of 
course  be  produced  more  efficiently  at  this  level. 

Both  the  single  and  double  expansion  configurations  have  been  in¬ 
corporated  in  many  operational  systems.  Figure  3  shows,  for  com¬ 
parison,  single  and  double-expansion  displacer-regenerators  of  a 
VM  refrigerator  producing  1  W  at  77°K.  The  construction  is  simi¬ 
lar  in  both  cases. 


Figure  3;  Single  and  double 
expansion  displacer-regenera¬ 
tors  of  a  VM  refrigerator 
producing  1  W  at  77 °K. 


.  .-expansion  concept  has  been  extended  one  step  further, 

.  i  b  -expansion  Stirling  cycle  configuration  (Ref.  3). 

I  <  temperatures  as  low  as  7.2°K,  with  only  one  cycle, 
•lined.  A  triple-expansion  VM  refrigerator  is 

de  /<’ lopment  for  a  spaceborne  application  (Ref.  4). 
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APPENDIX  C 


IMPROVEMENTS  TO  THE  BASIC  STIRLING-CYCLE  REFRIGERATOR 

PHILIPS  RHOMBIC  DRIVE 


PHILIPS  LABORATORIES 


RHOMBIC  DRIVE 


1.  DESCRIPTION 

The  rhombic  drive  comprises  twin  cranks  and  con-rod  mechanisms,  identical 
in  design  and  offset  from  the  cent  al  axis  of  the  engine;  the  cranks  which 
rotate  in  opposite  directions  may  e  coupled  by  two  gear  wheels.  The 
gear  wheels  may  be  removed  if  sufficient  linear  guidance  is  used  to 
insure  that  the  reciprocating  members  are  constrained  to  execute  only 
linear  motion. 

Figure  1  is  a  schematic  diagram  of  a  typical  rhombic-drive  Stirling  or  VM 
machine.  Fixed  to  the  power  piston  1  by  way  of  piston  rod  2  is  a  yoke  3. 

One  end  of  the  yoke  is  linked  by  con-rod  4  to  crank  5,  the  other  end  by 
con-rod  4'  to  crank  5*.  The  displacer  piston  is  actuated  by  a  precisely 
similar  arrangement:  the  displacer-piston  rod  7,  which  passes  through  the 
hollow  rod  2,  has  fixed  to  it  a  yoke  8  which  is  linked  to  cranks  5  and  5'  by 
con-rods  9  and  9',  respectively.  If  9  and  9'  are  given  the  same  length  as  4 
and  4',  the  two  pairs  of  con-rods  will  form  a  rhombus,  only  the  angles  of 
which  vary  when  the  system  is  in  motion;  it  is  for  that  reason  that  the  name 
"rhombic  drive"  was  adopted.  Gear  wheels  10-10'  ensure  exact  symmetry  of 
the  system  at  all  times.  Ideally,  no  power  is  transmitted  through  the 
gears,  which  only  act  to  synchronize  the  drive  motion. 


Fiaure  1;  Schematic  diagram  of 
rhombic  drive  mechanism. 
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The  symmetry  of  the  system  and  the  coaxial  arrangement  of  the  piston  and 
the  displacer  rods  permit  the  design  of  a  simple  crankcase  structure.  The 
displacer  rod  seal  11  is  inside  the  hollow  piston  rod.  With  the  aid  of  a 
seal  on  the  piston  rod  (12  in  Fig.  1),  a  compartively  small  cylindrical 
chamber  13  under  the  piston  can  be  formed,  separate  from  the  crankcase; 
this  "buffer  space"  can  be  filled  with  gas  at  the  desired  buffer  pressure. 
The  success  of  this  arrangement  depends  essentially  on  the  fact  that  the 
piston  rod  is  subject  to  no  lateral  thrust,  since  the  horizontal  components 
of  the  forces  exerted  by  each  pair  of  con-rods  are  in  the  ideal  case 
exactly  balanced  at  each  yoke.  That  they  do  so,  and  that  frictional  losses 
are  low  as  a  consequence,  has  the  further  advantage  of  enhancing  the 
mechanical  efficiency  of  the  system.  The  minimum  permissible  volume  of 
the  buffer  space  is  determined  only  by  the  range  within  which  it  is  desired 
to  limit  the  pressure  variations  inside  the  chamber. 


Figure  2  shows  an  actual  rhombic  drive  mechanism.  Its  motion  is  illustrated 
by  having  the  mechanism  in  two  different  positions. 

The  piston  and  the  displacer  movements  resulting  from  the  rhombic  drive  are 

displayed  graphically  in  Figure  3.  It  will  be  seen  that  if  the  direction 

of  rotation  is  as  indicated  in  Figure  1,  the  volume  variation  of  the 

expansion  space  V  will  have  a  phase  lead  with  respect  to  that  of  the 
E 


Figure  2:  Model  of  an  actual  rhombic  drive  mechanism, 
in  two  positions . 
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Figure  3:  Curves  showing  dis¬ 
placements  undergone  hy  piston 
and  displacer  in  a  rhombic  drive 
system. 

•*  expansion  volume 
V"  «  compresior  volume 
Y  =  phase  lead  of  relative 
to  V 

a  «  cran^  angle 


a 


compression  space  V  ,  as  required.  Although  the  piston  and  displacer  do 
move  in  simple  harmonic  motion,  the  kinematics  are  very  close  to  those  of 
the  classical  Stirling  cycle.  This  might  seem  surprising,  since  the  use  of 
the  rhombic  drive  may  appear  to  have  restricted  the  freedom  of  choice  with 
regard  to  parameters  w  and  >  (the  amplitude  ratio  and  relative  phase  of 
the  variations  in  volumes  and  V^),  vrtiich  are  important  in  the  design 
of  a  Stirling  machine.  However,  a''more  exact  analysis  of  the  rhombic  drive 
shows  that  it  is  in  fact  possible  to  vary  these  parameters  over  a  relatively 
wide  range;  this  can  be  done  by  altering  the  offset  of  the  crankshaft,  the 
radius  of  the  cranks,  the  lengths  of  the  con-rods,  and  the  ratio  of  the 
piston  and  displacer  diameter. 

2.  BALANCING  OF  DRIVE  MECHANISM 

The  rhombic  drive  has  the  important  property,  especially  for  spaceborne 
applications,  of  permitting  an  engine  or  cooler  with  only  one  cylinder  to 
be  completely  balanced  both  for  the  forces  due  to  the  inertia  of  the 
moving  parts,  and  for  the  moments  of  these  forces  —  "complete"  in  the 
sense  that  the  fundamentals  and  all  the  higher  harmonics  are  balanced. 

This  can  be  demonstrated  for  the  simple  case  where  the  con-rods  are  of 
equal  length  (as  in  Fig.  1). 

The  conf  igurat  ion  is  given  in  Figure  4.  By  symmetry  it  is  clear  that  the 
sum  of  all  inertial  forces  acting  horizontally  is  zero  at  any  given  instant. 
The  same  applies  to  all  inertial-force  moments  about  an  axis  perpendicular 
to  the  plane  of  the  figure.  Hence,  all  one  need  consider  are  the  inertial 
forces  acting  in  the  vertical  direction.  The  circular  motion  of  each 
crankpin  T-T ’  can  be  resolved  into  a  vertical  and  a  horizontal  component. 

The  vertical  movements  that  the  piston  and  the  displacer  make  as  a  result 
of  the  horizontal  movement  of  the  crankpins  are  equal  and  opposite  because 
the  con-rods  are  of  equal  length  (symmetrical  deformation  of  the  "rhombus"). 
Hence,  if  the  masses  of  the  piston  and  the  displacer  (including  the  rods 
etc.,  attached  to  them)  are  made  equal,  then  the  sum  of  the  vertical 
inertial  forces  corresponding  to  horizontal  crankpin  movement  is  always 
zero.  There  remains  the  vertical  movements  of  the  piston  and  the  displacer 
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Figure  4:  Configuration  of 
rhombic  drive  with  equal  yoke 
length. 


as  a  result  of  the  vertical  coinii  uu.nt  of  the  crankpin  movement.  These 
movements  are  exactly  equal  and,  moreover,  identical  with  the  vertical 
movement  of  the  crankpins.  One  can  therefore  imagine  the  moving  mass  of 
the  two  pistons,  M  +  (including  the  con-rods),  as  localized  in  the 
crankpins,  l/2(Mp  +  in  each.  By  means  of  two  counterweights 

mounted  opposite  each  crankpin  at  a  suitable  radius  r  ,  vertical  inertial 
forces  can  be  created  which  exactly  balance  those  of  ?Mp  +  Mj^)  —  and 
this  is  true  even  if  the  rotation  of  the  crankshafts  is  not  exactly  uniform. 
In  fact,  the  mass  and  offset  of  each  counterweight  are  chosen  such  that  the 
latter  also  serves  to  balance  the  crank  and  other  eccentrically  positioned 
moving  parts.  If  is  the  effective  mass  of  all  these  parts,  and  r^^ 
the  distance  of  their  center  of  gravity  from  the  crankshaft  axis,  the 
condition  for  balancing  is  as  follows; 

*'c‘^c  “  l/2r(Mp  + 

The  configuration  of  Figure  4  is  a  special  case  of  a  more  general  form  of 
the  rhombic  drive.  One  can  obtain  the  more  general  form  by  abandoning  the 
restriction  that  the  pairs  of  connecting  rods  have  to  be  equal  in  length, 
and  by  allowing  each  displacer  con-rod  to  hinge  not  on  the  crankpin  but 
about  an  arbitrary  fixed  point  on  the  piston  con-rod  (see  Fig.  5).  In 
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Figure  5:  General  form  of  the 
rhombic  drive. 
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this  general  form,  which  design  considerations  may  render  more  attractive 
than  the  special  one  of  Figure  4,  the  piston  and  the  displacer  rods 
continue  to  move  coaxially  without  the  presence  of  any  lateral  thrust  . 

This  means  that  the  expedient  of  the  buffer  chamber  with  gas  under  pressure 
can  again  be  applied  without  complications.  Moreover,  it  can  be  shown 
that  the  inertial  forces  of  the  moving  parts  of  the  general  form  of  this 
drive  mechanism  can  be  completely  balanced  as  before,  provided  certain 
conditions  are  fulfilled.  These  conditions  will  be  stated  here  without 
proof.  For  balancing  to  be  possible,  the  parameters  of  the  mechanism  as 
indicated  in  Figure  5  must  satisy  the  equations: 


Ae  =  0, 


c  =  yi-2^osB+(|)^, 

)cosB  =  0- 

14  13  4 


The  net  inertial  force  can  then  be  completely  balanced  by  fitting  counter¬ 
weights  whose  positions  and  masses,  respectively,  are  given  by: 


y  =  it-tan 


-1 


— (m,  +  2m,)sin  B 
_ 13  4 _ 

rk 

m,  +  m„  +  m,  +  m,  +  —  m,. 
1  2  3  4  r  5 


and 


ra. 


r  I  irlc  2d  4 

=  —  W ^  '"3  ^  '"4  ^  ~  ^  {-(m2+2m^)sin  B) 


(2) 


(3) 


It  will  be  seen  that  when  a  is  zero,  as  in  Che  special  case  first  discussed 
these  conditions  transform  into  the  simple  ones  given  earlier. 

This  configuration  lends  itself  to  the  use  of  two  motors  or  flywheels  (one 
on  each  shaft)  rotating  in  opposite  directions;  as  a  result,  it  is  possible 
to  balance  the  reaction  torques  on  the  crankcase  as  well. 
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3 .  EFFECTING  A  BALANCE  OF  THE  SPECIAL  FORM  OF  RHOMBIC  DRIVE 

As  discussed  previously,  the  1st  balancing  condition  that  must  be  satisfied 
is  that  the  sum  of  the  vertical  inertial  forces  corresponding  to  the 
horizontal  component  of  the  crankpin  movement  be  always  zero.  This  con¬ 
dition  means  that  the  piston  mass  and  a  fraction  of  its  associated  con-rod 
mass  must  equal  the  displacer  mass  and  a  fraction  of  its  associated  con-rod 
mass.  Since  the  mechanism  is  symmetrical,  this  condition  can  be  expressed 
for  half  of  the  rhombus: 


1/2 

Lmp  + 

A 

pc 

m  =  1/2 

pc 

Lm  ,  +  . 
d 

m 

P 

=  mass 

of 

piston 

m 

pc 

=  mass 

of 

piston  con 

-rod 

"•d 

=  mass 

o  f 

displacer 

"•dc 

=  mass 

0  f 

displacer 

con-rod 

L 

=  length  0 

f  con-rod 

dc  dc 


(4) 


For  the  special  form  of  the  rhombic  drive; 

=  A  =  distance  between  center  of  gravity  (eg)  of  con-rod 


*  j 

dc  pc 


and  center  of  crankpin  hole  in  con-rod. 


The  values  of  the  masses  can  be  accurately  determined,  as  can  the  value  of 
L.  The  value  of  A  can  in  most  cases  also  be  accurately  determined  so 
the  1st  balance  cofiSition  can  be  accurately  satisfied.  This  is  usually 
accomplished  by  adding  mass  to  the  piston  or  the  displacer  yokes. 


The  2nd  balancing  condition  to  be  satisfied  is  that  the  sum  of  the  vertical 
inertial  forces  corresponding  to  the  vertical  component  of  the  crankpin 
movement  be  always  zero.  As  discussed  previously,  this  can  be  accomplished 
by  fixing  counterwe  igh  »•  s  opposite  the  crankpins.  This  as  expressed  in 
Equat  ion  ( I  )  is ; 

rm  =’l/2r(m  ■♦•.m.)+r,m, 

c  c  p  d  k 

which  can  be  written  to  show  the  mass  of  the  con-rods  and  crankpin  separatel 

rm  =  rrm  +m,  +  l/  2{m  +  ra,)|+r  m  (5) 

c  c  pc  dc  p  d  J  cr  cr 

where,  r  =  r  (the  crank  radius)  and  m  refers  to  the  crank  mass,  or 
cr  ,  cr  . 

where  r  =  distance  from  crankshaft  centerline  to  crankshaft  eg,  and 
c  r  ” 

m  =  total  mass  of  crankshaft, 
cr 

From  the  1st  balancing  condition,  all  the  terms  within  the  large  brackets 
are  known.  At  this  point  one  or  more  of  three  available  techniques  are 
used,  depending  on  the  quality  of  balance  desired. 
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A  crude  static  balance  may  be  obtained  by  repeatedly  suspending  the  crankshaft- 

counterweight  assembly  from  a  pin  point  on  one  of  the  shaft  cheecks  until 

the  shaft  centerline  is  vertical.  The  distance  between  the  pin  point  and 

the  shaft  centerline  multiplied  by  the  mass  of  the  crankshaft-counterweight 

assembly  is  equal  to  (r  m  -  r  m  )  in  the  above  equation.  This 

cccrcr.  ~ 

must  equal  r  times  the  known  quantity  in  the  brackets  for  the  2nd  balancing 
condition  to  be  satisified.  This  is  usually  accomplished  by  removing  mass 
from  the  counterweights. 

A  more  accurate  balance  can  be  achieved  if  a  bob  weight  with  mass  equal  to 
the  quantity  in  brackets  is  first  attached  to  the  crank-throw  pin  so  its  eg 
is  at  the  center  of  the  pin,  then  each  entire  crankshaft-counterweight-bob 
weight  assembly  is  dynamically  balanced.  Timing  gears,  flywheels,  motor 
rotors,  etc.,  can  also  be  included  in  this  assembly. 

Some  shortcomings  of  this  technique  are  that  the  cg's  of  the  con-rods  might 
not  be  accurately  known  and  also  that  the  resultant  forces  from  piston, 
displacer  and  con-rods  and/or  the  bob  weights  representing  them  might  not 
be  located  at  the  center  of  the  crankpins.  These  would  cause  unbalanced 
forces  and/or  moments.  To  correct  this  situation,  a  dynamic  balance  of  the 
assembled  rhombic-driven  machine  can  be  performed.  Constrained  maily  by 
the  limitations  of  state  of  the  art  balancing  machines,  a  complete  static 
and  1st  harmonic  dynamic  balance  can  be  achieved. 

The  pivoted-cradle  balancing  technique  is  used  twice,  one  to  correct 

unbalance  forces  in  the  transverse  direction  and  then  in  the  vertical 

direction.  By  first  measuring  the  unbalance  in  the  transverse  direction 

and  adding  or  subtracting  adequate  mass  in  two  balancing  planes  on  one  crankshaft 

(see  Kig.  6),  the  transverse  unbalance  can  be  minimized.  Generally,  there 

will  still  be  a  vertical  unbalance  which  can  be  corrected  by  measuring  in 

the  vertical  direction  and  adding  or  subtracting  equal  mass  in  a  symmetrical 

way  on  both  crankshafts  (see  Fig.  6).  The  vertical  correction  must,  of 

course,  also  be  performed  in  two  planes. 


Figure  6;  Rhombic  drive  mechanism 
with  static  and  dynamic  balancing 
weights  shown  in  one  correction 
pi ane . 
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Appendix  II,  on  the  following  pages.  Is  a  reproduction  of 
the  JHU/APL  Internal  report  that  describes  the  motor  control  and 
telemetry  circuits  developed  for  the  Stirling  cycle  refrigerator. 
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June  4,  1979 


TO:  B.  D.  Kellam 

FROM:  G.  S.  Keys 

SUBJECT;  Description  of  Motor  Control  and  TM  Circuits  for  the  Cryogenic 
Cooler  Program 


Introduction 

A  Sterling  Cycle  Refrigerator  has  been  developed  by  Philips 
Laboratoiry  in  conjunction  with  A.P.L.  The  purpose  of  this  refrigerator 
is  to  cool  the  detector  of  a  Gamma  Ray  Spectrometer  developed  by  Lockheed 
Palo  Alto  Research  Ledioratory. 

A.P.L.  was  responsible  for  the  design  of  the  control  circuitry 
for  the  Motor  Drive  and  the  T.  M.  Interface  between  the  refrigerator  and 
the  Lockheed  T.  M.  System. 

The  following  memo  describes  in  detail  the  Motor  Control  and 
T.  M.  Circuits. 

Four  of  the  refrigerators  were  launched  on  a  satellite  during 
February  1979  and  are  performing  as  expected. 
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I.  ELECTRONICS  PACKAGE 

A.  General  Description 

The  circuitry  contained  in  the  Electronics  Box  located  on  the  refrigerator 
is  made  up  of  two  sections,  the  first  being  the  speed  control  for  the  motor 
and  the  second  is  conditioning  circuits  for  the  various  sensors  located  on 
the  refrigerator.  This  circuit  supplies  the  signals  to  the  Lockheed  TM 
System.  The  block  diagram  (figure  1)  shows  a  more  detailed  breakdown  of  the 
circuits  in  the  electronics  box.  The  following  is  a  brief  description  of 
each  block. 

Motor  Hall  Sensors  Provide  a  logic  level  output  coincident  to  the  position 
of  the  Motor  Rotor.  Six  sensors  are  used. 

Sensor  Integrater  Comprised  of  a  one-shot  that  is  triggered  by  two  of  the 
Hall  sensors.  The  output  is  a  fixed  pulse  width  with  the  repetition  rate 
determined  by  the  repetition  rate  of  the  Hall  sensors.  The  pulse  is  then 
integrated  into  a  DC  voltage.  Voltage  amplitude  is  then  equal  to  repetition 
rate  of  Hall  sensors  which  is  equal  to  RPM  of  motor. 

Speed  Comparator  Compares  a  DC  level  set  by  the  Speed  Select  Circuit  with 
the  integrated  DC  voltage  from  the  motor  and  develops  a  varying  pulse  width 
modulation  signal  for  the  motor  drive. 

Speed  Select  Controlled  by  external  relays  and  is  used  to  develop  the  DC 
reference  voltage  to  control  the  RPM  of  the  motor. 

Start-up  Current  Limit  Controls  the  drive  capability  of  the  stator  drive 
transistors  to  limit  the  initial  start  current  to  300%  of  the  run  current. 

This  circuit  remains  energized  for  a  predetermined  time. 

150%  Current  Limit  Limits  the  current  to  the  motor  to  150%  of  the  run  current 
in  all  conditions  except  when  the  motor  is  first  energized.  This  current 
limiting  is  accomplished  by  forcing  the  pulse  width  modulation  from  the 
speed  comparator  to  0%,  therefore  turning  the  motor  drive  off. 

Motor  Drive  Logic  Combines  the  outputs  of  the  Hall  sensors  and  the  pulse- 
width  modulation  from  the  speed  comparator  to  provide  drive  to  the  motor 
drive  transistors.  This  circuit  controls  which  phase  of  the  motor  will  be 
supplied  current  and  for  what  percentage  of  the  time. 

Motor  Drive  Transistor  These  are  Darlington  Complementary  Pairs  for  each 
motor  phase,  one  for  sourcing  current  and  one  for  sinking  current. 

DC-DC  Converter  This  is  a  commercial  converter  that  produces  the  5  volts 
necessary  for  operating  the  logic,  from  28  volts.  Standard  converter  built 
with  screened  parts.  Mil-Electronics  Mod  XD324. 
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TM  Regulator  This  is  a  linear  DC  regulator  which  develops  15  volts  from  th 
TM  28  volt  buss  for  the  TM  buffers  and  5  and  10  volt  references  for  the  TM 
sensors. 

TM  Buffers  Convert  the  DC  levels  for  the  TM  sensors  to  a  zero  to  five  volt 
level  compatible  with  the  Lockheed  TM  system. 
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II. 


DC  MOTOR  AND  SPEED  CONTROL 


A.  General  Description 

The  motor  used  in  the  refrigerator  is  a  speriaily  designed  high  f  i  i  .i.r, 
brushless  DC  motor.  The  motor  is  designed  and  built  by  Roters  Associates. 

It  is  configured  as  a  six  pole  permanent  magnet  rotor  with  a  three  pha.sc  Del 
connected  stator  winding.  The  phases  of  the  stator  are  energized  in  a  s-roue 
determined  by  the  ijosition  of  the  rotor.  The  position  of  the  rotor  point  h 
precisely  determined  by  a  commutation  circuit  comprised  of  six  ilall  .sensor;  . 
The  precise  switching  of  the  stator  phases  provides  the  maximum  efficiency 
of  the  motor. 


The  actual  motor  configuration  in  the  refrigerator  is  two  of  these  motcr 
operating  in  parallel,  mechanically  turning  in  opposite  directions.  Both 
motors  share  the  stator  drive  circuits  and  the  Hall  sensor  commutation 
circuits . 


The  speed  control  circuit  incorporated  into  the  commutatiot.  and  drive 
circuits  will  keep  the  motor  operating  at  a  constant  speed  with  variations 
mechanical  load  on  the  motor  shaft.  This  keeps  the  overall  efficiency  of 
motor  high. 
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The  speed  control  circuitry  operates  on  a  pulse  width  modulation  drive 
to  the  stator  phases.  The  speed  control  performs  two  functions,  the  first 
being  to  decode  the  Hall  sensor  signals  to  determine  the  position  of  the 
rotor  so  the  appropriate  phase  of  the  stator  can  be  energized.  The  second 
is  to  develop  the  modulation  signal  for  the  stator  drive  circuits  to  control 
the  speed  of  the  motor. 


The  modulation  signal  is  derived  by  integrating  two  Hall  sensor  signals 
to  determine  the  speed  of  the  motor.  This  voltage  is  then  compared  to  a 
pre-set  voltage  that  is  related  to  a  set  motor  speed,  increasing  or 
decreasing  the  pulse  width  of  a  10  kHz  signal  that  is  applied  to  all  of  the 
stator  drive  circuits.  The  wider  the  pulse  the  longer  the  motor  is 
energized,  thus  causing  it  to  gain  speed.  The  opposite  is  true  for  a 
narrower  pulse  width. 

If  the  speed  control  is  disabled,  modulation  set  at  100%,  then  the  m.itor 
speed  will  be  determined  by  the  motor  supply  voltage  and  the  mechanical 
load. 

A  more  detailed  description  of  the  motor  and  speed  control  is  contained 
in  Sections  III  and  IV. 


i 
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III.  MOTOR  DESCRIPTION 


A.  Design  Specifications 

The  specifications  as  set  by  the  refrigerator  design  which  determined 
the  design  of  the  motor  are  that  the  RPM  should  be  controlled  to  1000 
and  be  capable  of  delivering  34  inch  ounces  of  torque. 

The  efficiency  of  the  motor  under  these  conditions  should  be  75%,  deliver 
15  watts  to  motor  shaft  and  consume  20  watts. 

The  motor  must  also  be  capable  of  delivering  a  starting  torque  of  300% 
nominal  for  1  second  and  200%  for  10  seconds,  also  deliver  150%  of  nominal 
indefinitely.  The  main  goal  besides  meeting  these  mechanical  specif ications 
was  to  produce  a  very  efficient  motor.  Refer  to  figure  6  for  motor  performance 
curves. 

B.  Motor  Configuration 

Referring  to  figure  2,  the  motor  is  configured  with  a  6-pole  permanent 
magnet  rotor  consisting  of  alternating  north,  south  pole  samarium  cobalt 
magnets. 

The  stator  winding  consists  of  three  phases  connected  in  a  Delta 
configuration  (figure  3).  Each  phase  consists  of  six  coils  in  series  equally 
spaced  mechanically  with  three  coils  per  pole. 

The  commutation  circuit  consists  of  the  six  Hall  sensor  circuits  spaced 
as  shown  in  figure  2.  The  Hall  sensors  are  turned  on  by  the  South  pole  and 
off  by  the  North  pole  of  the  rotor  magnets.  The  alternate  North,  South 
pole  configuration  gives  a  more  precise  on/off  switching  of  the  Hall  sensors 
for  less  rotation  of  the  rotor. 

C.  Motor  Operation  (refer  to  figure  4) 

The  operation  of  the  motor  depends  upon  switching  the  current  to  the 
proper  motor  phase  and  in  a  set  direction  depending  upon  the  configuration 
of  the  Hall  sensors  that  are  energized.  The  three  connections  to  the  Delta 
stator  windings  can  be  either  a  source  or  sink  of  the  stator  current. 

A  rotation  of  120°  mechanical  of  the  rotor  will  produce  a  complete 
electrical  rotation  (360°)  of  the  Hall  sensors.  The  combination  of  the 
Hall  sensors  (figure  4)  determines  the  current  flow  through  the  legs  of 
the  Delta  winding. 

The  precise  turn-on  of  the  Hall  sensors  aligns  the  rotor  poles  with  the 
coils  in  the  stator  windings.  This  precise  turn-on  and  current  switching 
provides  maximum  efficiency. 
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As  can  be  seen  from  figure  4,  there  is  a  factor  of  three  difference 
between  the  mechanical  rotation  of  the  motor  and  the  electrical  rotation 
(switching  of  the  current  through  the  stator  winding) . 

A  different  Hall  sensor  is  energized  every  20“M  (60°Z)  and  as  can  be 
seen  by  referring  to  the  logic  diagrams  on  figure  4,  the  direction  of  the 
current  flow  through  the  three  legs  of  the  Delta  stator  will  change  with  the 
turn-on  of  the  next  Hall  sensor. 

The  turn-on  must  be  precise  but  the  on  duration  can  be  between  150° 
and  180“  electrical. 
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IV.  DETAILED  CIRCUIT  DESCRIPTION  (Drawings  #5114-2401,  5114-2301) 

A.  Sensor  Integrator 

This  circuit  consists  of  a  one-shot  (01)  and  inverters  contained  in  U2 
and  U4  and  an  RC  network  consisting  of  R41,  R42  and  C8. 

The  one-shot  which  has  a  fixed  time  of  2.7  Msec  is  triggered  by  the 
leading  edge  of  Hall  sensors  three  and  six,  a  negative  going  transition 
(off  =  high  level) .  The  "on"  time  of  the  one-shot  will  remain  constant  but 
the  rate  that  it  is  triggered  is  determined  by  the  speed  of  the  motor. 

The  one-shot  pulse  is  applied  to  the  integrator  as  a  +5  volt  level  (R41, 

CRll,  C8) .  The  higher  repetition  rate  causes  the  pulse  to  be  present  at 
the  integrator  more  frequently,  developing  a  higher  DC  voltage  at  the 
integrator  capacitor  C8.  A  slower  motor  speed  causes  the  integrator  to 
discharge  for  longer  periods  of  time  (time  between  one-shot  pulses  longer) 
through  R42  and  U2-6  which  sets  at  ground  level  when  the  one-shot  is  not 
active. 

The  integrator  DC  voltage  is  then  representative  of  the  motor  RPM  and 
is  used  in  the  speed  comparison  circuit  (UlO)  and  also  goes  to  the  TM 
circuit  as  a  calibrated  RPM  voltage. 

B.  Speed  Select  and  Pulse  Modulation 

This  section  of  the  speed  control  circuitry  consists  of  a  voltage 
divider  made  up  of  a  resistor  divider  (R35  through  R40)  a  voltage  comparator 
(UlO)  and  10  kHz  oscillator  (Ull) . 

The  speed  select  which  utilizes  the  voltage  divider  generates  three  DC 
voltages  used  as  reference  voltages  for  the  voltage  comparator  UlO) .  These 
voltages  are  equal  to  voltages  developed  from  the  integrator  when  the  motor 
is  operating  at  the  desired  RPM  settings  of  850,  1000  and  1150  RPM.  The 
reference  voltages  for  the  RPM  settings  are  selected  by  combining  the 
terminals  E7,  E8,  E9  and  ElO.  The  nominal  running  RPM  is  obtained  with  all 
the  terminals  open.  The  low  RPM  (850)  is  obtained  by  connecting  E9  and  ElO 
lowering  the  reference  voltage  and  the  high  RPM  (1150)  by  connecting  E7  and 
E8. 

The  voltage  comparator  combines  the  integrator  voltage,  reference  voltage 
and  a  10  kHz  sawtooth  signal  from  Ull  to  form  the  pulse  modulation  signal  to 
control  the  motor  speed. 

The  sawtooth  10  kHz  is  generated  by  the  square  wave  oscillator  (Ull)  and 
is  integrated  by  CIO.  This  signal  is  then  summed  with  the  reference  voltage 
on  pin  2  of  UlO.  The  amplitude  of  the  sawtooth  signal  is  determined  by  the 
voltage  divider  of  R50  and  R44.  Refer  to  figure  5  (voltage  comparator  signal) 
The  voltage  comparator  output  UlO-9  will  normally  set  at  +5  volts  if  the  two 
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inputs  are  not  equal.  When  the  inputs  are  equal  the  outxiut  goes  tu  a  0  volt 
level.  When  the  inputs  are  equal  and  the  10  kHz  signal  is  added  to  the 
reference  voltage,  the  excursion  above  and  below  the  reference  voltage  will 
cause  the  output  of  the  comparator  to  turn  on  and  off  at  the  rate  of  the 
10  kHz  signal.  The  on  and  off  times  will  be  equal. 

Since  the  sawtooth  signal  and  the  reference  are  fixed,  the  integrator 
voltage  will  cause  the  output  on/off  time  of  UlO  to  vary.  When  the 
integrator  voltage  rises  in  amplitude  due  to  an  increase  in  mctor  RPM  tlu.:, 
a  condition  exists  as  shown  in  figure  5a  where  the  integrator  voltage  is 
above  the  reference  voltage  and  the  sawtooth  signal  equals  the  integrator 
voltage  for  only  a  short  time  during  one  cycle,  causing  the  output  of  L’l<'' 
to  be  at  +5  V  (off)  for  a  short  time  compared  with  0  V  (on)  time.  The 
5  volt  level  is  equal  to  100%  modulation  (motor  energized)  and  the  0  volt 
level  is  zero  modulation  (motor  off). 

The  example  in  'a'  energizes  the  motor  for  a  shorter  time  thus  causing 
the  motor  to  reduce  speed.  The  opposite  example  is  shown  in  figure  5b, 
the  motor  slows  so  the  modulation  is  increased.  When  operating  at  normal 
speed  the  modulation  should  be  50%. 

This  10  kHz  modulation  signal  is  connected  to  the  logic  circuit  that 
controls  the  transistors  that  drive  the  motor  phases. 

C.  Motor  Drive  Logic 

This  section  of  the  speed  control  is  made  up  of  circuits  U3  through  U6 
and  the  associated  diodes  and  transistors. 

The  inputs  to  this  section  are  the  six  Hall  sensor  signals.  The  Hall 
sensor  outputs  are  ground  level  "true"  signals  so  they  are  inverted  by  U3 
before  being  combined  in  the  Nand  gates  U4  and  U5.  The  combination  of  the 
sensor  signals  provides  the  voltage  source  and  current  sink  control  signals 
for  the  drive  transistors  on  the  three  phases  of  the  motor. 

Referring  to  the  logic  circuits  associated  with  Hall  sensor  #1  (U4-17) , 
the  combination  of  sensor  #1  true  (U4-12) ,  high  level,  and  U4-13  high 
indicating  a  false  from  Hall  sensor  #3  causes  U4-14  to  go  low.  This  is 
inverted  by  U6-6.  The  positive  level  on  the  base  of  Q1  will  cause  pi  to 
conduct  reducing  the  voltage  level  on  E19.  Referring  to  drawing  5114-2301 
it  can  be  seen  that  this  voltage  level  on  E19,  which  is  the  base  of  Q1 , 
causes  Q1  to  conduct  applying  +28  volts  to  E16,  which  connects  to  phase  one 
of  the  motor,  the  emitter  of  Q1  is  connected  to  +28  V.  This  sequence  develoj  s 
the  +28  volt  source  for  phase  one  of  the  motor.  There  must  now  be  a  sink  for 
the  motor  current.  Referring  to  drawing  5114-2401,  a  combination  of  Hall 
sensor  6  ON  (U5-9)  high  and  sensor  2  OFF  (U5-12)  high  and  the  10  kHz  modulation 
signal  will  cause  E24  to  vary  from  0  to  +5  volts  at  the  10  kHz  rate.  This 
signal  at  the  base  of  Q6  (5114-2301)  will  cause  Q6  to  conduct  at  the  10  kHz 
rate,  sinking  current  from  phase  three  of  the  motor.  Therefore,  under  this 
set  of  conditions,  current  flows  from  phase  one  to  phase  three. 
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The  combination  of  the  sensor  signals  is  shown  in  figure  4.  The  zener 
diodes  CRl  through  CR6  provide  protection  for  the  logic  circuits  by  limiting 
any  pick-up  on  the  sensor  lines  to  the  supply  voltage  and  to  a  negative 
.6  volts.  The  diodes  CR-7,  8  and  9  protect  the  inverters  (U6)  from  any 
negative  transient  signal. 

The  transistors  Q1  and  Q2  are  used  to  switch  the  +28  volts  since  this 
voltage  is  unregulated  and  could  exceed  the  rating  of  logic  inverters  U6. 

D.  Motor  Current  Limit 


There  are  two  protective  modes  of  limiting  the  amount  of  current  the 
motor  can  draw.  One  is  during  the  initial  power-on  sequence  and  the  second 
is  during  the  normal  running  of  the  refrigerator. 

The  power-on  current  limit  is  initiated  by  the  five  volt  power  integrating 
the  RC  network  of  R31  and  C5.  When  the  threshold  of  U9  is  exceeded  a 
pulse  is  generated  by  U9  which  resets  08-13  which  turns  off  Q2  on  the  output 
of  02-12.  This  inhibits  all  of  the  motor  drive  source  transistors.  The 
resetting  of  08-13  will  cause  08-9  to  set.  This  in  turn  forces  the  speed 
control  integrator  to  zero  volts  (02-10  low)  forcing  100%  modulation.  08-9 
is  also  used  to  drive  relay  K-1  (5114-2301) .  This  relay  has  two  sets  of 
contacts,  the  first  set  Kl-Bl  and  B2  shorts  R34  (5114-2401)  to  ground 
pre-setting  08-13  which  in  turn  causes  Q1  and  Q2  to  be  enabled,  allowing  one 
of  the  motor  phases  to  be  energized  thus  starting  the  motor. 

The  second  set  of  contacts  of  K1  switch  in  R1  (1.0  ohm  resistor)  in  the 
emitter  legs  of  the  current  sinking  motor  drive  transistors.  If  the  current 
through  R1  reaches  3.3  amps  the  voltage  across  Rl,  3.3  volts,  will  cause 
the  drive  transistors  to  turn  off,  thus  limiting  the  current  to  this  value. 

The  one-shot  (U9)  is  set  for  an  ON  time  of  approximately  1.0  sec.  This 
is  sufficient  time  for  the  refrigerator  to  start.  At  the  end  of  this  time 
U8-9  is  clocked  to  a  reset  state  and  relay  K1  is  de-energized,  removing  the 
current  limiting  resistor  Rl. 

The  second  form  of  current  limit  is  to  protect  the  cooler  during  normal 
running.  This  is  accomplished  by  measuring  the  current  through  a  .1  ohm 
resistor  (5114-2301) .  The  voltage  is  conditioned  with  an  op-amp  in  the 
TM  circuitry  and  applied  to  a  comparator  (U7)  on  the  speed  control  board 
(5114-2401) .  The  reference  voltage  is  equal  to  maximum  current  allowed 
during  normal  running,  150%  of  nominal  (1.8A).  When  the  voltage  on  U7-3 
exceeds  the  reference  (U7-2) ,  the  comparator  output  goes  low  forcing  the 
input  to  the  integrator  to  maximum  causing  the  modulation  to  go  to  zero 
shutting  the  motor  off.  When  the  current  falls  below  the  maximum  the 
comparator  resets,  allowing  the  motor  to  run. 
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E.  Motor  Drive  Transistors 


These  transistors  are  Darlingtons  and  there  is  a  complementary  pair 
for  each  phase  of  the  motor.  Referring  to  drawing  5114-2301  it  can  be 
seen  that  the  emitters  of  the  PNP  transistors  are  connected  to  +28  volts 
and  are  the  voltage  source  transistors.  The  emitters  of  the  NPN 
transistors  are  connected  to  the  +28  volt  return  and  are  the  current 
sinking  transistors.  The  collectors  of  the  complementary  pairs  are 
tied  together  and  connect  to  the  three  phases  of  the  motor.  The  drive 
signals  come  from  the  speed  control  board.  The  diodes  CR1-CR6  provide 
a  current  path  for  the  inductive  voltage  when  the  particular  phase  is 
de-energized. 

F.  Power  Conditioning 


There  are  two  voltages  associated  with  the  motor  drive  and  control, 

+28  V  and  +5  V. 

The  +28  volts  supplied  by  an  external  source  passes  through  the  LC 
(LI,  Cl  and  C2)  network  on  5114-2301  before  being  distributed  to  the  motor. 
This  filter  is  to  provide  a  smoothing  of  the  28  volt  current  drawn  from 
the  source  so  the  reflected  ripple  of  the  motor  current  variations  caused 
by  the  varying  load  of  the  cooler  and  the  10  kHz  modulation  will  not  be 
seen  by  the  voltage  source. 

The  internal  +5  volts  for  the  logic  is  provided  by  a  DC-DC  converter 
which  is  powered  by  the  +28  volt  input.  The  specifications  of  the  converter 
are  shown  in  figure  7. 
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T.M.  SIGNAL  CONDITIONING  CIRCUITS 


A.  General 


This  section  is  contained  on  two  boards  (Al,  A2)  of  the  electronics 
package . 

The  function  of  this  section  is  to  supply  reference  voltages  to  the 
various  sensors  and  to  condition  the  signal  output  of  the  sensors  to  be 
compatible  with  an  external  recording  or  TM  system. 

This  section  is  powered  by  28  V  DC. 

B.  Voltage  Regulator  (Drawing  5114-2201) 

The  28  volt  DC  input  to  the  TM  section  is  regulated  by  a  15  volt  zener 
(CRl)  to  supply  power  to  the  operational  amplifiers  used  as  the  TM  buffers 
(U1  on  Al  and  A2) .  U2  on  board  A2  is  powered  by  the  5  volt  converter 
because  the  signal  from  this  circuit  must  function  when  the  TM  circuit  is 
powered  down.  The  15  volts  is  further  regulated  by  Ql,  a  stable  5  volt 
regulator.  This  voltage  is  used  as  the  reference  voltage  by  the  temperature 
sensor  and  the  helium  volume  pressvure  transducer.  The  5  volts  is  also 
multiplied  by  two  to  produce  the  10  volt  reference  for  the  crankcase 
pressure  transducer. 

C.  TM  Buffers  (Drawing  5114-2201  for  A2  and  5114-2101  for  Al) 

There  are  five  buffers  that  condition  three  sensor  signals  and  two  motor 
operating  conditions.  All  the  TM  signal  outputs  are  set  to  produce  a  0  to 
+5  volt  signal  for  the  maximum  range  of  the  function  it  is  monitoring. 

1.  Temperature  Sensor 

This  circuit  is  located  on  Al  and  consists  of  an  operational  amp  (Ul) 
with  a  gain  of  4.83-  The  resistor  (R3)  sets  a  constant  current  of  10  uamps 
through  the  thermister. 

2.  Volume  Pressure 

This  buffer  is  also  located  on  Al  and  consists  of  a  bridge  amplifier 
with  a  gain  of  50.  The  volume  pressure  transducer  is  a  strain  gauge  bridge 
with  a  0  to  100  MV  full  scale  output  using  a  5  volt  DC  reference. 

3.  Crankcase  Pressure 

This  is  a  bridge  amplifier  also  located  on  Al.  The  gain  of  this 
circuit  is  100.  The  crankcase  pressure  transducer  is  a  strain  gauge  bridge 
that  has  a  0  to  37.5  MV  full  scale  signal  using  a  10  volt  DC  reference  voltage. 


4.  Motor  Speed 


This  buffer  is  a  non- inverting  amplifier  with  a  gain  of  1.3.  The 
input  is  derived  from  the  motor  speed  control  board.  The  monitor  voltage 
is  the  integrated  voltage  of  the  motor  Hall  sensor  which  is  representative 
of  the  RPM  of  the  motor. 

5.  Motor  Current 

This  buffer  is  located  on  board  A2  and  consists  of  Ul  which  is  the 
TM  buffer  and  U2  which  is  the  current  monitor  for  the  speed  control  circuitry. 

The  input  voltage  for  this  circuit  is  obtained  by  measuring  the 
voltage  drop  across  a  .1  ohm  resistor  in  the  28  volt  return  line  of  the 
motor  power.  The  voltage  to  the  TM  buffer  is  filtered  by  the  RC  combination 
of  R13  and  C9.  The  gain  of  this  buffer  is  20. 

The  current  monitor  buffer  is  not  as  heavily  filtered,  so  it  will 
respond  to  faster  current  changes.  This  voltage  is  then  amplified  by  U2 
(gain  =  9.25).  The  voltage  from  this  circuit  is  the  input  to  the  motor 
speed  current  limiting  circuitry. 


INTERFACE 


A.  Electronics  Package  to  Cooler 

This  interface  is  accomplished  through  two  separate  routes.  The  first 
is  the  connection  to  the  motori  which  is  situated  in  the  sealed  crankcase. 

The  electrical  interface  to  the  motor  is  through  two  9  pin  feed-through 
connectors.  The  wiring  between  the  feed-through  and  the  electronics  is 
hard  wired  solder  connections. 

The  feed-throughs  as  shown  on  drawings  5114-2051,  5114-2001,  contain  all 
the  Hall  sensor  signals,  power  to  the  Hall  sensors,  the  three  motor  drive 
lines,  and  the  reference  voltage  and  signal  for  the  crankcase  pressure 
transducer. 

Mechanically,  the  electronics  box  has  a  cutout  area  for  the  feed¬ 
throughs  and  the  box  bolts  to  the  cooler  with  the  feed-through  protruding 
into  the  box.  A  service  loop  in  the  connecting  wires  allows  physical 
separation  of  the  two  units. 

The  second  interface  is  through  connector  J3.  This  connector  contains 
the  signals  and  reference  voltage  for  the  thermister  and  the  volume  pressure 
transducer.  These  sensors  are  located  on  the  exterior  of  the  cooler. 

The  thermister  is  attached  to  the  cold  flange  and  the  volume  pressure 
transducer,  which  is  a  bridge  with  four  strain  gauge  elements,  is  wrapped 
around  the  buffer  tank.  The  compensating  resistors  for  the  bridge  are 
located  on  a  terminal  board  attached  to  the  top  of  the  crankcase. 

B.  Electronics  Package  to  External  Systems  (Drawings  5114-0001  and  5114-2001) 

This  interface  is  accomplished  through  connectors  J1  and  J2.  J1  contains 
the  power  and  control  signals  for  the  motor  speed  control.  This  consists  of 
a  +28  volt  and  28  volt  return  line  and  two  lines  each  for  speed  controls 
2  and  3.  Speed  2  is  the  low  RPM  setting  and  speed  3  is  the  high.  The 
selection  of  the  different  speeds  is  accomplished  by  connecting  the  two  designated 
lines  for  the  desired  speed.  When  speed  2  is  being  used,  the  lines  for 
speed  3  should  be  open;  when  the  lines  for  both  speed  2  and  3  are  open,  the 
motor  will  run  at  the  nominal  RPM.  The  RPM  for  the  nominal  (speed  1)  is  1000, 
speed  2  is  850  and  speed  3  is  no  speed  control;  thus,  the  RPM  will  vary  with 
the  cooler  load  and  power  supply  voltage. 

There  is  one  additional  line  used  in  Jl.  This  contains  the  +5  volt 
reference  voltage  used  in  the  TM  circuits.  This  function  is  labeled  APL 
TEST  and  is  used  during  bench  test  of  the  cooler. 

J2  is  the  TM  connector.  Included  in  this  connector  are  the  five  buffered 
TM  signals  used  to  determine  the  status  of  the  cooler.  These  signals  are 
low  impedance  signals  capable  of  driving  a  maximum  load  of  2.0  K  ohms. 


There  is  a  +28  volt  power  and  return  for  the  TM  circuits.  Internal 
to  the  electronics  box,  this  power  is  separate  from  the  28  volt  power  to  the 
motor  control  circuits. 

The  remaining  signals  labeled  APL  TEST,  are  Hall  sensor  #1,  converter 
+5  volt  power  and  return,  and  +10  volt  reference. 

The  Hall  sensor  signal  is  a  T^L  output  and  is  used  to  directly  measure 
the  RPM  of  the  motor. 

The  +5  volt  power  is  the  output  of  the  DC-DC  converter  used  to  power 
the  motor  control  circuitry. 

The  10  volt  reference  is  the  reference  used  in  conjunction  with  the 
TM  sensors. 

When  monitoring  any  of  the  signals,  or  supplying  power  and  control 
signals  to  the  functions  contained  in  J1  and  J2,  it  is  necessary  to  use  the 
return  lines  associated  with  that  particular  function.  As  an  example,  use 
the  signal  return  of  J2  for  monitoring  any  functions  associated  with  the 
speed  control. 

In  any  test  or  operational  setup  refrain  from  having  any  of  the  28  volt 
return  current  flowing  external  through  the  converter  +5  volt  return  line 
or  the  TM  signal  return  line. 


WINDING 
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TWO  POINT  INPUT  TO  DELTA,  4.69  @  20°  C  PER  MOTOR 


COMPRESSOR  MOTOR  OUTLINES 


r 


10  KHZ  OSCILLATOR 
UM  (5114-2401) 


-  o 


INTEGRATED  lOKHZ 
R50  (5114-2401) 


SPEED  CONTROL  REFERENCE 
VOLTAGE  PLUS  INTEGRATED 
10  KHZ  UIO-2  (6114-2401) 
INTEGRATED  MOTOR  HALL 
SENSOR  VOLTAGE 
UIO-3  (5114-2401) 


o 


10  KHZ  PULSE  WIDTH  MOD¬ 
ULATION  SIGNAL  (RPM  >  REF¬ 
ERENCE)  UIO-4  (5114-2401) 

(rpm  <  reference) 


o 


i> 't 

A 

— c 


PULSE  width  current  MODULATION 
SPEED  CONTROL 

FIG.  5 


kL 


r<J  o 


TMPwt 


PtuO^R 

ooitptArt 


sp/=f  D 


fhohr 
To  - 


£/^/=^/c:/F/iJCy^ 

RoTf^'S  C>.(^-  Mo/^. 

PRofo^?^'  loooRPH. 
(o/Tii  ^(JTojp  ^pf  st}  Contl^oi(^pL) 


Te^PjEk^iuYlE 

pb^B R  /Vt^R  S?FfC> 

CohVvI  -  ^.0  OJuTTs 

Cokiu^oR) 


QiSo- 


oP^.O  t'bt  5(^j)f>(u|  'ycrtia^f 

Cu(?i;^  i^eiuck^ 

S(^ht  Coi^irtiiav  ?oiocy  =  3^ 


0o_.  ^0  iV  so 

SHSr /o^^luP-  c§-  iW 

FIG  6B 


THC  JOHNS  HOPKJNS  UNIVERSITY 

APPLIED  PHYSICS  LABORATORY 

LAUREL  MARYLAND 


AO 

li 


m 


•  3  WATTS  OF  ISOLATED  OUTPUT  POWER 

•  SINGLE  OR  dual  OUTPUTS 

•  HIGHLY  REGULATED 

•  SEALED  metal  CLOSURE 

•  CURRENT  limiting 


ELECTRICAL  SPECIFICATIONS 


Regulation  for  Input . 

±  05-0 

Efficiency  tTypicaii 

50'-. 

Regu  latton  for  Load  {zero  to  full) 

± 

Reverse  Polarity 

100  V.'lls' 

Output  Ripple 

1%  pp' 

Input  Over  Voltage 

Temp  Stapility . 

less  than 

01  % "  C 

Isolation  (input  Oulpul  Casei 

fbu  Vi'‘!s 

Temp  (Operating  Case) 

-55  to 

f  100  c 

Current  limiting 

'  «'  •  ,'0  .  M,!« 

Temp  (Storage) 

-55  to 

+  1'9C 

PHYSICAL  SPECIFICATIONS 

Weight . 

92  gms 

1  Mounting 

Two  thru  holes 

Acceleration . 

45  G's 

Terminals 

Printed  crcuit  pins 

Shock  . ,  , 

.50  G  s 

1  Case  Finish 

Aluminum,  gold  aloOuie 

Vibration  . 

20  G  s 

j  Volume 

?  7  CiiPir  ini.  hps 

Altitude . 
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Semiconductors 
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Thermal  Shock  . 

MIL  STD  810/S03 
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